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Abstract 

In hematopoietic stem and progenitor cell (HSPC) gene therapy (GT), insertional 

mutagenesis may result in oncogene activation, increasing the risk of leukemia in patients. 

Moreover, hBRAFV600E-expressing human HSPCs transplanted into immune-deficient 

(NSG) mice, even in small numbers, induce lethal bone marrow (BM) failure. This 

aggressive phenotype is due to the engagement of senescence, characterized by cell cycle 

blockade and a senescence-associated secretory phenotype, affecting also non-mutated 

bystander cells. Thus, it is fundamental to describe oncogene activation in HSPCs, since it 

poses risks before the malignant transformation. To investigate the fate of senescent cells in 

the presence or absence of an active immune system, we transplanted NSG or immune-

competent (WT) mice with mouse (m) HSPCs transduced with lentiviral vectors expressing 

mBrafV600E, an N-truncated version (mBraf trunc), or GFP as control.  

In NSG recipients, mBraf-trunc and mBrafV600E expression caused dose-dependent 

lethality and reduced cellularity, the latter resulting in a more aggressive phenotype. As 

opposed to the humanized model, only mBrafV600E-lymphoid cells were impaired, but not 

bystander cells. Transcriptional profiling showed upregulated cell cycle inhibitor genes 

Cdkn2d and Cdk2ap2, not Cdkn2a or Cdkn1a. Hallmarks upregulated were TNFα signaling, 

oxidative stress pathways, and apoptosis. Downregulated processes were ribosome 

biogenesis, interferon signaling, and innate and adaptive immune response (MHC class II 

and B and T cell development). Instead, in WT recipients, we observed reduced lethality 

(only 60%) and complete clearance of oncogene-expressing cells in the surviving 

mBrafV600E mice, suggesting that the immunological competence of recipients promotes a 

more efficient clearance of senescent cells. Transcriptional analysis showed similar immune 

suppression to NSG, but upregulated hallmarks were related to cell cycle, G2/M checkpoint, 

E2F targets, DNA replication, and repair processes in B cells, while apoptosis was 

downregulated. This suggests that B cells are potentially escaping senescence and returning 

to the cell cycle. This study aspires to identify species-specific or universal biomarkers for 

pre-clinical and clinical GT studies and to recognize factors determining the 

resilience/clearance of senescent cells, suggesting strategies for their elimination.
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1. Introduction 

In hematopoietic stem cell gene therapy (GT), patients’ hematopoietic stem and progenitor 

cells (HSPCs) are genetically modified ex vivo with integrating vectors and reinfused to 

reconstitute the hematopoietic system and provide therapeutic benefits. This strategy has 

recently gained substantial success by progressing from early-stage clinical trials to the first 

Advanced Therapy Medicinal Products (ATMP) approved for the EU market (Ferrari et al., 

2020). Part of the attainments of HSPC GT is due to the great advantage of transplanting 

autologous, patient-derived, genetically engineered cells, as opposed to an allogeneic 

transplant. Indeed, autologous transplant overcomes both risks of graft-versus-host disease 

and difficulties in finding a properly matched HLA donor for each patient; moreover, it 

partially reduces the risk of engraftment failure. Therefore, HSPCs GT may become a new 

pillar of treatment for several inherited monogenic affections (Naldini et al., 2022). Despite 

these exciting prospects, the genetic alterations caused by the vector integration in semi 

random positions of the host cell genome have been linked aberrant clonal expansions and 

oncogenic transformation in patients from different gamma retroviral and lentiviral vector 

based clinical trials (Hacein-Bey-Abina, von Kalle, et al., Science, 2003; Hacein-Bey-Abina, 

Garrigue, et al., 2008; Howe, Mansour, et al., 2008; Ott, Schmidt, et al., 2006; Stein, Ott, et 

al., 2010; Cavazzana-Calvo et al., 2010; Fraietta et al., 2018; Cesana et al., 2021; Cicalese 

et al., 2021, Williams et al., 2022). Moreover, it has been recently showed that NSG immune-

deficient mice transplanted with human HSPCs expressing the activated BRAFV600E 

oncogene, even at low numbers, develop multi-organ mixed histiocytosis and succumb by 

bone marrow failure.  At the base of this aggressive phenotype is the pro-inflammatory 

Senescence-Associated Secretory Phenotype (SASP) of human cells consequent to the 

activation of the Oncogene Induced Senescence (OIS) program which affects also non-

mutated bystander cells (Biavasco, Lettera et al., 2021). Therefore, oncogene activation in 

HSCPs leads to the accumulation of senescent cells which, besides the inherent risk of cell 

transformation, is highly detrimental for the tissues where they reside for prolonged time.  
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These recent findings prompted us to further deepen our knowledge on the mechanisms of 

SASP induction and its modulation in HSPCs in an ex vivo GT context as well as on the 

interactions between senescent cells and the immune system. Altogether, we aim to develop 

novel strategies to minimize the potential side effects of HSPC GT. 

 

1.1 The safety of gene therapy 

1.1.1 Integrating vectors and the risk of insertional mutagenesis 

Gene therapy (GT) uses different viral and non -viral vectors to deliver genes or edit genetic 

sequences organs at high efficiency in cells ex-vivo or even entire organs in vivo, and is used 

for the therapy of several genetic and acquired diseases. Nevertheless, the deliberated or 

inadvertent integration of vector sequences into the host cellular genome significantly 

increases the risk of deregulation of cancer-related genes and potentially trigger malignant 

transformation in GT patients. Notably, with gamma-retroviral vectors (γ-RV) and lentiviral 

vectors (LV), the preferred vectors in HSPCs-GT and cancer immunotherapy applications, 

aberrant clonal expansions and oncogenic transformation of genetically modified cells have 

occurred in several patients in multiple clinical trials and preclinical models as the result of 

insertional mutagenesis (Hacein-Bey-Abina, von Kalle, et al., Science, 2003; Hacein-Bey-

Abina, Garrigue, et al., 2008; Howe, Mansour, et al., 2008; Ott, Schmidt, et al., 2006; Stein, 

Ott, et al., 2010; Cavazzana-Calvo et al., 2010; Fraietta et al., 2018; Cesana et al., 2012; 

Moiani et al., 2012). While the ability of γ-RVs and LV to integrate in semi-random positions 

of the host cell genome is beneficial because ensures the stable expression of the therapeutic 

transgene to the marked cell and its progeny, it an also result in the alteration of the expression 

levels or mRNA structure of genes targeted by or nearby the vector insertion. When insertions 

trigger the aberrant activation of a proto-oncogene or inactivation of a tumor suppressor gene, 

they could potentially cause clonal expansion or even oncogenic transformation of individual 

cell clones.  
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Historically, retroviruses were discovered in the 20th century in animal studies, for their 

association with tumor development as the result of insertional mutagenesis (Ellerman and 

Bang 1908; Rous 1911; Gross 1951; Weiss et al., 1982). At first, the risk of oncogenic 

transformation by the use of vectors derived from gamma-retroviruses was considered low, 

since the viral genome has been modified to lack the capability to replicate. Indeed, the use 

of replication-defective vectors reduces the burden of insertions in the target cells compared 

to replicating parental virus. Moreover, even in the case of proto-oncogene activation, 

malignant transformation would occur upon the acquisition of additional mutations on genes 

that specifically synergize with the initial genetic lesion caused by the vector insertion. 

Unfortunately, these optimistic beliefs changed radically after the onset of leukemia in 

patients from different HSPC-GT clinical trials with γ-RVs. In two of the first HSPCs GT 

clinical trials conducted in France and United Kindom, patients with X-linked SCID were 

transplanted with autologous HSPCs, transduced with a γ-RV coding for the missing IL-2 

receptor gamma (IL2RG) gene. Indeed, despite the initial success of the treatment, 6 patients 

developed T cell leukemia even 15 years after gene therapy. Integration site analysis of the 

patient's leukemic cells showed vector insertions upstream of the LMO2 and, to a lesser 

extent, CCND2 and BMI1 proto-oncogenes (Cavazzana-Calvo et al., 2000; Hacein-Bey-

Abina et al., 2002; Schwarzwaelder et al., 2007; Deichmann et al., 2007; Hacein-Bey-Abina 

et al., 2008. Six et al., 2017; Cesana et al., 2021). Other patients, enrolled in the γ-RV-based 

HSPC-GT clinical trials for Chronic Granulomatous Disease, Wiskott-Aldrich Syndrome, 

and Adenosine Deaminase Deficiency, developed myelodysplastic syndrome (MDS) as the 

result of the activation of MECOM, PRDM16 or SETBP1 genes, or T-cell leukemia resulting 

from the activation of LMO2 gene (Ott, Schmidt, et al., 2006; Botzug et al., 2006; ; Cicalese 

et al., 2021). Moreover, many more patients from these γ-RV-based HSPC-GT clinical trials, 

even in absence of malignant transformation, showed also clonal expansions of myeloid or 

T-cell clones with integrations targeting the same oncogenes caused by vector insertions are 

events defined as vector-mediated genotoxicity (Baum et al., 2006).  

To overcome the risks of insertional mutagenesis, past and ongoing efforts to develop safer 

vectors have been made. One of the main improvements involved replacing the initial use of 
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γ-RVs, derived from the Moloney Murine Leukemia Virus (MLV) with LVs originating from 

the Human Immunodeficiency Virus 1 (HIV-1) virus; this solution had the advantage of 

reducing the integration bias in cancer genes. The generation of self-inactivating lentiviral 

vectors (SIN.LV) (Zufferey et al., 1998), where a portion of the 3’ long terminal repeat (LTR) 

had been deleted, inhibited the LTR promoter activity without losing the vector’s efficacy in 

integration or titration.  

All retroviruses integrate semi-randomly into the genome. The process of integration does 

not occur indiscriminately for multiple reasons. Common insertion sites (CIS), which are 

genes that are more recurrently targeted by integrating vectors, are the consequence of two 

aspects. On one hand the preference of the vector to integrate in certain regions of the 

genomes is dictated by accessible portions of the same, on the other certain integrations may 

give selective advantage to certain clones. Regarding the first aspect, the interaction of the 

integrating vector with host proteins can favor or obstruct the access to DNA. In particular, 

there are proteins that favor the integration process: in the case of LVs, the protein 

LEDGF/p75 binds the HIV integrase, promoting the tethering of the HIV pre-integration 

complex to the chromatin. In the case of γ-RV, previous literature reports bromo-and 

extraterminal domain (BET) proteins as the functional equivalent of LEDGF/p75 for MLV, 

thus promoting the tethering of the pre-integration complex to chromatin (Debyser et al., 

2014). On the other hand, the binding of nucleosomes to the DNA shapes its tridimensional 

structure in such a way that some DNA portions are sterically less accessible for integration 

to occur (Pruss, Bushman et al., 1994; Pruss, Reeves et al., 1994). Moreover, the architecture 

of the nucleus itself dictates whether the integration can happen, as HIV integration cluster 

more preferentially near the nuclear pore. Indeed, the region of the nuclear pore contains 

active transcription chromatin marks, easily accessible by integrating vectors (Marini et al., 

2015). The second aspect concerns the selective advantage of clones harboring a certain 

integration. Regarding this, each retrovirus shows different target preferences. Although both 

MLV and HIV show a preference of integrating within the transcriptional unit, up to 20% of 

MLV integrations occur upstream or downstream of the transcription start site (TSS), thus 

showing a preference for promoter regions. In addition MLV insertion sites were also 
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enriched nearby CpG islands, genomic regions associated with the TSS in the genomes of 

vertebrates. (Schroder et al., 2002; Wu et al., 2003; Mitchell et al., 2004). These findings 

confirm that γ-RV, since they origin from MLV, are more prone to integrate nearby promoter 

sequences, thus favoring the alteration of the expression of genes to a greater extent compared 

to LV, derived from HIV. This alteration of gene expression after integration may provide a 

selective advantage of certain clones compared to others, affecting the distribution of CIS. In 

particular, the integration nearby oncogenes, promoting their activation, provides a higher 

proliferative capacity of clones harboring that integration, thus resulting in oncogenes being 

the most frequent CIS after the use of genotoxic vectors. 

The superior safety profile of SIN.LV has been demonstrated in a tumor-prone mouse model 

such as Cdkn2a-/- mice, which lack two important regulators of cell cycle (p16INK4a and 

p19Arf) and cellular senescence against aberrant proto-oncogene activation (Lund et al., 2002; 

Serrano et al., 1996). This in vivo genotoxicity assay employed mouse HSPCs, collected 

from the BM of Cdkn2a-/- mice, transduced with different LV designs, and transplanted into 

recipient mice. SIN.LV, as opposed to γ-RV, showed a promising safety profile (Montini et 

al., 2006; Montini et al., 2009, Cesana, Ranzani et al. 2014). Moreover, it required 

significantly greater LV integration loads to reach the same oncogenic risk and acceleration 

of tumor development than γ-RV. Additionally, the whole transcriptome analysis of chimeric 

LV-cellular genome fusion transcripts showed that SIN LV has a sharply reduced tendency 

to engage in aberrant splicing compared with vectors carrying active LTRs (Cesana et al., 

2012; Moiani et al., 2021). Other safety in vivo studies have been carried out and confirmed 

the safety of SIN LVs (Modlich et al., 2009; Arumugam et al. 2009; Zychlinski et al., 2008). 

Thus, the use of SIN LVs reduces the risk of insertional mutagenesis when compared to the 

use of vectors with active LTRs.   

Over time, multiple vector designs have been developed to further reduce potential 

insertional mutagenesis. One of these developments was the addition of chromatin insulators, 

regulatory elements which prevent the portion they delimit from acting as an 

enhancer/promoter to proto-oncogenes (Emery et al., 2011). However, in a clinical trial using 

an LV to treat β-thalassemia, vector integration appeared to cause clonal dominance in one 
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of the patients (Cavazzana-Calvo et al., 2010). The integration occurred within the HMGA2 

gene, inducing the formation of an aberrantly spliced mRNA form. Sequencing of the 

HGMA2 spliced mRNA form showed truncation by alternative splicing of the third intron 

with a cryptic 3′ splice signal (GTAT(C)6AG), located within the cHS4 insulator core and 

cleavage/polyadenylation within the adjacent R region of the 5’ LTR. Yet, this clonal 

expansion did not result in overt leukemia.  

With the increasing number of patients treated by gene therapy, the emergence of rare 

genotoxic effects is now apparent also for SIN.LVs.  Indeed, events of LV-mediated 

genotoxicity were reported in clinical trials, as dominant clones with LV integrations 

targeting HMGA2 and other cancer-related genes were observed in other HSPC-GT clinical 

trials for X-linked severe immunodeficiency (De Ravin et al., 2016), adrenoleukodystrophy 

(Eichler et al., 2017), and in two different CAR-T cancer immunotherapy trials (Fraietta et 

al., 2018; Shah et al., 2019). More recently, 3 patients enrolled in the clinical trial of 

Adrenoleukodystrophy developed MDS as the result of insertional activation of the MECOM 

oncogene (Bluebird-bio clinical trial; Williams et al., 2022) 

Figure 1.1. Mechanisms of insertional mutagenesis through retrovirus integration characterized 

in gene therapy and HIV fields (from Bushman 2020). 
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To summarize, four different mechanisms of retroviral insertional mutagenesis have been 

characterized thus far (Figure 1.1): gene activation by integration of an enhancer sequence 

encoded in a retroviral vector, defined as enhancer insertion (Hacein-Bey-Abina et al., 2008), 

gene activation by promoter insertion (Cesana et al., 2017), gene inactivation by insertional 

disruption (Fraietta et al., 2018), and gene activation by mRNA 3’ end substitution 

(Cavazzana-Calvo et al., 2010). Each of these integration mechanisms resulted in clonal 

expansion or transformation in patients. 

 

1.1.2 In vivo safety studies and oncogenes as common insertion sites 

Further studies on the safety of LV and their different designs have been carried out. Through 

the use of Cdkn2a-/- mutant mice, acceleration of their spontaneous oncogenesis was 

observed after treatment to assess oncogenic risk (Cesana et al., 2014). The tested vectors 

were the following: (i) vector with active LTRs and strong SF promoter; (ii) vector with SIN 

LTRs and strong SF promoter; (iii) vector with SIN LTRs, strong SF promoter and 3′-

truncated open reading frame (ORF) of the Woodchuck posttranscriptional regulatory 

element (PRE); (iv) vector with SIN LTRs, weak PGK promoter, and PRE; (v) vector with 

SIN LTRs, strong SF promoter, chromatin insulators, and PRE. A group of mice was also 

mock-treated as a control.  

Overall, a ranking of the genotoxic potential of the different vector designs have been carried 

out (Figure 1.2a): with vectors (i) and (ii) being the most genotoxic, given that integration 

of those type of vectors led to the insertion of a promoter sequence (active LTRs in (i) and 

strong promoter in the case of (ii)). Vector design (iii) was still strongly genotoxic, because 

of the insertion of a strong SF promoter acting as an enhancer, despite the use of SIN LTRs 

and the mutated PRE. Vector design (iv) showed less genotoxicity, given that the PGK 

promoter is weaker than the SF, but still a significantly faster lethality and tumor progression 

were observed when compared to mock treatment. Finally, vector design (v) was the least 
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genotoxic of all, with insulators functioning as inhibitors of the enhancer activity possessed 

by the SF promoter. 

All the tumors developed by mice contained integrations of the different vectors, with the 

most genotoxic design integrating more often in the proximity of oncogenes, while the least 

genotoxic designs showed more frequency in targeting tumor-suppressor genes. The proto-

oncogene Braf was the highest-ranking CIS gene in Cdkn2a−/− tumors induced by vectors (i) 

and (ii). Integration was predominantly in the same orientation as Braf, between intron 11 

and intron 12, and therefore comparable to transposon integration in sarcomas of Cdkn2a−/− 

mice in a previous study (Collier et al., 2005). LV integration generated a truncated, 

constitutively active form of mouse Braf (Figure 1.2b), only containing the catalytic portion 

of the protein. 

Another CIS gene in lesser genotoxic vector designs than (iii, iv, and v) was the proto-

oncogene Map3k8, in which LVs integration was analogous to γ-retroviral integrations in 

mouse lymphomas (Patriotis et al., 1993; Patriotis et al., 1994; Lund et al., 2002). The most 

common CIS gene found in Cdkn2a−/− tumors and induced by vectors (iv) and (v) was the 

tumor-suppressor gene Pten, followed by another tumor suppressor, such as Rasa1. 

By performing gene ontology analysis, over-represented gene classes in the CIS were 

regulation of protein kinase cascade, guanosine tri-phosphatase regulator activity, and 

mitogen-activated protein kinase signaling pathway. Overall, all these belong to the receptor 

tyrosine kinase (RTK) pathway (Figure 1.2c), aberrantly activated in a vast range of human 

and murine tumors. The LV integration in genes belonging to the RTK pathway may 

collaborate with the genetic lesion of the Cdkn2a−/− mice to induce tumorigenesis. 

Interestingly, when vectors were tested on WT mice, Braf activation was not able to induce 

cancers, suggesting that when the product of the Cdkn2a gene (p16Ink4a), a cell cycle inhibitor, 

is fully produced, it can inhibit aberrant cell proliferation with the induction of 

senescence/apoptosis instead (Kang et al, 2011; Michaloglou et al., 2005).  
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And finally, on the topic of tumor suppression, it is worth mentioning that, throughout the 

evolutionary process, humans have developed protective mechanisms to avoid potential 

tumorigenesis. Two of the most significant ones are the immune system and oncogene-

induced senescence. 

 

 

 

a 

b 
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Figure 1.2. LV designs and their targeting of the RTK pathway. (a) Summary scheme of the 

genotoxic potential of different vector design and their CIS (from Cesana et al., 2014). (b) Generation 

of a truncated form of Braf by insertion of a genotoxic LV vector in Cdkn2a-/- mice. (c)  The activation 

of the RTK pathway by insertional mutagenesis. CIS are identified by the star symbol. Cdkn2a-/-.mice 

lack the production of the cell cycle inhibitor p16Ink4a, thus the senescence mechanism on the right 

can be activated only in WT mice. Image created with BioRender. 

 

1.2 Cellular senescence 

1.2.1 Senescence, DNA damage, and cell cycle arrest 

Oncogene-induced senescence (OIS) is a complex cellular process that prevents cancer 

progression by halting the proliferation of differentiated oncogene-expressing cells (Yaswen 

and Campisi, 2007). OIS is one of the possible routes taking part in the broader process 

c 
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known as cellular senescence, first discovered as an exit from the cell cycle after exhaustion 

of the proliferative capacity of human fibroblast kept in culture (Hayflick and Moorhead, 

1961). Over time, that definition has been attributed to replicative senescence, while it has 

been revealed that cellular senescence can be induced by different types of stimuli. 

Senescence can be explained as a stable, most of the time permanent state of cell cycle arrest, 

triggered in response to endogenous and exogenous stresses (Figure 1.3), such as telomere 

shortening (Hayflick et and Moorhead, 1961; Bodnar et al., 1998), aberrant DNA replication 

and DNA damage accumulation (Di Micco et al., 2006; Bartkova et al., 2006), ROS 

accumulation, loss of tumor suppression or oncogene overexpression (Serrano et al., 1997), 

embryonic development (Rajagopalan et al., 2012), wound healing (Jun et al., 2010), tissue 

repair (Krizhanovsky et al., 2008), and physiological aging (Baker et al., 2008; Baker et al., 

2011). In summary, cells undergo senescence after being subjected to a certain level of 

damage or stress that reaches the point of no return. As senescence occurs with cell cycle 

arrest, its most common mechanism is the induction of the expression of cell cycle inhibitors, 

such as p53, p16Ink4a, or both. When cells undergo severe DNA damage, a response defined 

as DNA damage response (DDR) occurs. One of the first activated proteins is ATM (ataxia 

telangiectasia mutated), which in turn phosphorylates the nucleosomal histone H2AX and 

the p53-binding protein 53BP1. These two proteins form a tridimensional structure, typical 

of senescence, known as heterochromatin foci (Campisi and D’Adda di Fagagna, 2007). 

ATM also phosphorylates the Chk1/2 proteins that activate p53 (Wahl and Carr, 2001), a 

cell cycle inhibitor and tumor suppressor. p53 in turn stimulates p21, inducing cell-cycle 

arrest through inhibition of cyclin E–Cdk2 (von Zglinicki 2002; Sedelnikova et al., 2004; 

Passos et al., 2010). 



17 
 

 

Figure 1.3. Senescence-inducing stimuli and main effector pathways. Cellular signaling cascades 

that can activate p53, p16Ink4a, or both. Image created with BioRender. 

In the other case, when p16Ink4a is stimulated, it inhibits cell-cycle progression but through 

inhibition of cyclin D–Cdk4 and cyclin D–Cdk6. p16Ink4a belongs to the Ink4 protein family, 

which comprises also of p15Ink4b, p18Ink4c, and p19Ink4d. The Ink4 family members were 

named after their inhibitory function against Cdk4 (and Cdk6) (Cánepa et al., 2007). p16Ink4a 

is a particularly common tumor suppressor in human cancers (Rocco and Sidransky, 2001), 

and its expression is a senescence hallmark in human cells (Buj et al., 2021). Both p53 and 

p16Ink4a, by inhibiting Cdk2/4/6, leave Rb in its active, hypo-phosphorylated form. Rb, in 

turn, can inhibit the E2F transcription factor, which is responsible for the G1/S cell cycle 

progression. Mild damage may lead to a temporary cell-cycle blockade, which can be 
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repaired. Even so, chronic or permanent damage provokes permanent arrest in proliferation, 

thus causing senescence. 

Another pathway that can induce p53 involves p19ARF, encoded in the INK4a locus, the same 

locus as p16Ink4a (Haber, 1997). p19ARF can activate p53 by sequestering Mdm2, thus 

preventing Mdm2-mediated degradation of p53 (Tao and Levine, 1999). Like p16, p19ARF is 

induced after stresses such as irradiation (Khan et al., 2000; Qi et al., 2004) or oncogene 

overexpression (Lowe and Sherr, 2003). Yet, it has proven to be a more common tumor 

suppressor in mice than p16. p19ARF inactivation in mouse germinal cells induces tumors in 

a widespread fashion (Kamijo et al., 1997), in a similar manner to what happens when p53 is 

inhibited in human cells (Joerger and Fersht, 2016). Inhibition of p16Ink4a, on the other hand, 

generates only a specific set of tumors (Krimpenfort et al., 2001; Sharpless et al., 2001). This 

suggests that there may be species-specific routes to cell cycle arrest. Moreover, past studies 

have reported the possible existence of a pathway that connects p16Ink4a and DDR, occurring 

in replicative senescence induced by telomere dysfunction. When TRF2 is inhibited to uncap 

telomeres, p16Ink4a is induced without the activation of p53 (Smogorzewska & de Lange, 

2002). The authors, however, found that this specific signaling was human-specific and did 

not occur in mouse cells, where only p53 signaling was activated, but when abrogated, it was 

not compensated by p16Ink4a action. 

Regarding the rest of the Ink4 family, it has been demonstrated that inactivated p15Ink4b and 

p18Ink4c can be found in a variety of tumors. Epigenetic silencing of p15Ink4b was reported in 

rare glial tumors, leukemia, and myelodysplasia, without the silencing of p16Ink4a (Esteller et 

al., 2001). Given the overlap in the function of Ink4 proteins, loss of function of more than 

one of these genes might be more tumorigenic, as in some tumors, such as T-cell acute 

lymphoblastic leukemia, deletion of the entire 9p21 portion encoding for all Ink4 genes is 

frequently found (Cánepa et al., 2007). Although the loss of function of p18Ink4c is rare in 

human tumors, it has been reported to be a haplo-insufficient tumor suppressor in mice (Bai 

et al., 2003). Curiously, despite its cell cycle inhibitor role, there is no evidence of p19Ink4d 

being a tumor suppressor (Ortega et al., 2002). On the other hand, studies have shown that 

p19Ink4d regulates genomic stability and cell vitality after DNA damage during genotoxic 
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stress in neuroblastoma cells and fibroblasts. Cells overexpressing or null of p19Ink4d were 

subjected to UV irradiation: when overexpressed, this cell cycle inhibitor increased the cells’ 

capacity for DNA repair. p19Ink4d, on the other hand, showed the opposite phenotype (Ceruti 

et al., 2005; Scassa et al., 2007). Knockdown of p19Ink4d also rendered cells sensitive to 

apoptosis and autophagy (Tavera-Mendoza et al., 2006). Finally, p19Ink4d was shown as 

specific in hematopoietic cells, regulating the quiescence of hematopoietic stem cells (HSCs) 

by inhibiting the passage from G0 to G1 and preventing the accumulation of DNA damage 

under genotoxic conditions (Hilpert et al., 2014). 

Finally, the murine and the human capability of undergoing senescence also depend on the 

telomere itself. Telomeres of laboratory mice are 5-10 times longer than human telomeres 

(Hemann and Greider, 2000). Additionally, in their lifetime, humans undergo 105 more cell 

divisions compared to mice (Rangarajan and Weinberg, 2003), thus reaching cellular 

senescence faster. Moreover, mice with longer telomeres develop less DNA damage, have 

better metabolic and neurocognitive parameters, and have less spontaneous tumor incidence 

in aging (Muñoz-Lorente et al., 2019).  Mechanistically speaking, humans and mice have the 

same incidence of cancer (30%) but develop different tumor spectrums. However, 

telomerase-deficient mice (after 5/6 generations) do develop epithelial cancers that are 

common in humans, not the ones usually observed in mice (Artandi et al., Nature 2000).   

Proliferation arrest in senescent cells does not arrest their metabolic processes altogether, on 

the contrary, they are still metabolically active. After all, another common feature of 

senescence is the secretion of pro-inflammatory factors, namely cytokines, chemokines, 

growth factors, proteases, and extracellular matrix (ECM) remodeling factors, together 

named senescence-associated secretory phenotype (SASP).  SASP released by senescent 

cells affects neighboring cells, in two ways: on one hand, it recruits the immune system for 

their clearance, on the other, it turns neighboring cells into senescent cells, with a 

phenomenon called paracrine senescence (van Deursen 2014). 

In 2008, Coppé et al. demonstrated that genotoxic stress is accompanied by the secretion of 

a significant number of pro-inflammatory factors in cultured human epithelial cells, 
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especially when the RAS oncogene is over-expressed. SASP-induced epithelial-

mesenchymal transition and invasiveness through paracrine signaling depend on two main 

interleukins: interleukin-6 (IL-6) and IL-8. More recently, persistent DNA damage and DDR 

signaling in senescent cells have been demonstrated to be the actual cause of SASP. 

Chromatin lesions initiated SASP after DNA double-strand breaks and after the activation of 

ATM and Chk2, specifically the secretion of IL-6, the most common SASP factor, 

independently of p53. IL-6 secretion can influence paracrine senescence by affecting 

bystander cells that express the IL-6 receptor and the gp130 signaling process, thus targeting 

epithelial and endothelial cells of different organs (Rodier et al., 2009).  

DDR signaling is the main driver of SASP, and it proceeds without being dependent on cell-

cycle inhibitors. Indeed, ectopic expression of p16Ink4a promoted cell cycle blockade and 

induced senescence, but without the production of SASP in human fibroblasts. On the other 

hand, radiation-induced or OIS (RAS activation) generated a prominent SASP in the same 

fibroblasts (Coppé et al., 2011). Nevertheless, p16Ink4a may have a more indirect effect on 

SASP, by protecting cells from cumulative DNA damage, hence limiting inflammation and 

pro-inflammatory factors secretion. Other than persistent DNA damage, activated oncogene 

(BRAFV600E) expression can induce SASP without telomere erosion, as the expression of 

hTERT protected the telomeres while maintaining the aberrant OIS (Kuilman et al., 2008). 

Other than DDR signaling, cytoplasmic DNA, such as DNA that is aberrantly outside of the 

nucleus and/or mitochondria due to genotoxic stress, also triggers a downstream response by 

functioning as a danger-associated molecular pattern (DAMP). The cGAS–STING axis that 

follows is associated with auto-inflammatory diseases, senescence, and cancer. An enzyme, 

called cyclic guanosine monophosphate (GMP)-adenosine monophosphate (AMP) synthase 

(cGAS) binds cytoplasmic DNA in a sequence-independent fashion. cGAS undergoes a 

conformational change in the catalytic portion of the enzyme for the conversion of GTP and 

ATP nucleotides into cyclic GMP-AMP (cGAMP) (Sun et al., 2013; Wu et al., 2013). In 

turn, cGAMP serves as a second messenger and as a ligand for the adaptor protein Stimulator 

of IFN Gene (STING) (Ishikawa and Barber, 2008; Jin et al., 2008; Zhong et al., 2008; Sun 

et al., 2009). STING also undergoes conformational change after binding to cGAMP (Gao 
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et al., 2013b; Zhang et al., 2013), and translocates from the ER to the Golgi apparatus 

(Ishikawa and Barber, 2008; Saitoh et al., 2009). Afterward, STING phosphorylates and thus 

activates two proteins through its C-terminal portion: TANK-binding kinase 1 (TBK1) and 

IFN regulatory factor 3 (IRF3). Moreover, STING activates NF-κB, which functions together 

with IRF3 to activate the transcription of different cytokines, including Interferon 1 (Tanaka 

and Chen, 2012; Liu et al., 2015).  The cGAS-cGAMP-STING pathway can be induced by 

different stimuli, i.e. mitogenic stress, oxidation, radiation, or chemotherapy, and results in 

the secretion of cytokines or chemokines, mainly IFN-β, IL-1β, IL-6, and IL-8 (Dou et al., 

2017; Glück et al., 2017; Yang et al., 2017). 

Although both cell cycle arrest signaling and cytokine production signaling derive from the 

DDR response, they act separately. This hypothesis is further supported by the notion that 

pharmacological inhibition of cell cycle kinases CDK4/6 promotes senescence both in vitro 

on primary fibroblast and in vivo as a tumor-suppressive mechanism in a breast cancer mouse 

model. (Wang et al., 2022). This inhibition is nevertheless associated with a p53-associated 

secretory phenotype but lacks the activation of the main player controlling SASP, such as the 

transcription factor NF-κB.  

 

1.2.2 The NFκB pathway signaling  

The nuclear factor κB (NF-κB) was first discovered as a DNA-binding protein targeting the 

kappa immunoglobulin light chain enhancer in B cells (Sen and Baltimore, 1986). This 

family of transcription factors consists of five subunits: p65 (RelA), c-Rel, RelB, and the 

p105 and p100 precursors, which undergo post-translational cleavage and turn into p50 and 

p52, respectively. NF-κB has two subunits that can form homo or heterodimers. Both 

subunits have a DNA binding domain and a regulatory domain by which they interact with 

their inhibitor, IκB. In unstimulated cells, NF-κB is found in the cytoplasm, interacting with 

IκB (Ghosh et al., 1998). NF-κB activation stimulates its translocation into the nucleus, 

where the transcription factor binds to promoters and enhancers of its target genes. Besides 

the cleavage of p105 and p100 into their activated subunits, another activating modification 
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is the phosphorylation, acetylation, and methylation of p65 (Perkins et al., 2006). The NF-

κB transcription factor complex is activated after various stimuli and regulates the expression 

of numerous target genes involved in processes such as cell migration, cell proliferation, 

apoptosis, inflammation, and innate and adaptive immunity. 

NF-κB activation follows the activation of IKK, a kinase complex that releases the inhibitor 

from the subunits through phosphorylation, followed by proteasomal degradation of IκB. 

IKK has three subunits: IKKα, IKKβ, and IKKγ or NEMO. In the classical pathway, IKKβ 

directly phosphorylates IκBα, leading to its degradation and the p65/p50 heterodimer's 

activation. In the alternative pathway, a dimer consisting of two subunits of IKKα is 

phosphorylated by the NF-κB inducing kinase (NIK). The IKKα homodimer then activates 

p100 into its active form, p52, ensuring the generation of p52-RelB dimers. In both cases, 

the activated dimers translocate into the nucleus to induce the transcription of the target genes 

(Liu et al., 2017).  

The activation of the NF-κB system is most commonly due to pattern recognition receptor 

pathways such as TLRs and inflammasome (Vallabhapurapu and Karin, 2009). In the 

context of senescence, NF-κB gets activated by DNA damage through ATM-dependent IKK 

activation (Lee et al., 1998). Instead of the canonical cascade through membrane-bound 

receptors, a genotoxic signaling cascade activates NF-κB. ATM bridges the DDR with the 

activation of the NF-κB signaling cascade. Moreover, the NEMO subunit has proved 

indispensable, as a NEMO-deficient cell line of mouse embryonic cells fails to induce the 

transcription factor after DNA damage (Hwang et al., 2015). After NEMO expression is re-

established, NF-κB signaling is activated again. In particular, the authors observed that 

NEMO’s C-terminal zinc finger (ZF) domain was the main contributor to this signaling as a 

regulatory domain of the IKK complex in the cytoplasm. NEMO’s function is also regulated 

by post-translational modifications, most notably by the SUMOylation (small ubiquitin-like 

modifier) of residues 277 and 309 and the ATM-dependent phosphorylation of residue 85 

(Wu et al., 2006). NEMO has shown to be a specific regulator of NF-κB activation after 

genotoxic damage. NEMO's correct function, with the appropriate post-translational 
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modification, is necessary for NF-κB activation in response to DNA-damaging agents (Wu 

et al., 2008). 

In the context of disease, ATM-NEMO-NF-κB signaling is constitutively activated in acute 

myeloid leukemia (AML) and its primary form, MDS. In MDS and AML patient samples, 

NEMO and the ATM-NEMO complex are constitutively in the nucleus (Grosjean-Raillard 

et al., 2009). Additionally, human HSPCs collected from high-risk MDS or AML patients 

are positive for pS1981-ATIM antibody staining, which indicates constitutively active ATM. 

Inhibition of ATM in these cells reduces this process, inducing the death of leukemic cells. 

Thus, it is very likely that nuclear ATM-NEMO signaling might be fundamental for the 

constitutive NF-κB activity found in different human malignancies, in addition to high-risk 

MDS and AML. 

Among the many cellular processes that the NF-κB signaling transcriptionally regulates, the 

production of SASP is one of them. In an oncogene (H-Ras) induced senescence model, the 

p65 subunit was significantly enriched in the chromatin of skin fibroblasts undergoing 

senescence; comparatively, this enrichment did not occur in younger fibroblasts. 

Specifically, p65 in its activated form accumulated in the senescence-associated 

heterochromatin foci (SAHF), and its levels directly correlated with increased levels of 

secreted pro-inflammatory factors (Chien et al., 2011). In another study of the same year, 

activation of the p53-p21 pathway induced senescence in human fibroblasts, characterized 

by cell cycle arrest and significant production of SASP factors, such as IL-1α and IL-1β. 

Interestingly, they observed that the senescence phenotype could be reverted with the 

inhibition of NF-κB signaling, suggesting that it was the cause of the induction of SASP all 

along (Rovillain et al., 2011). More recently, it has been shown that the NF-κB signaling can 

be triggered by the p38-MAPK kinase, which explains how OIS can activate and trigger 

SASP. When proto-oncogenes of the RTK pathway are activated, they can phosphorylate 

p38-MAPK, thereby activating NF-κB downstream in a DDR-independent manner (Freund 

et al., 2011). 
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1.3 The senescence-associated secretory phenotype (SASP) and the role of 

senescent cells in shaping the microenvironment 

1.3.1 The composition of SASP 

The secretion of pro-inflammatory factors in senescence first arose as a hypothesis when it 

was discovered that senescent cells could turn neighboring cells into tumor cells, suggesting 

a possible paracrine effect (Krtolica et al., 2001). A few years later, another set of 

experiments observed the abundant secretion of pro-inflammatory molecules in the tissue 

microenvironment, collectively named senescence-associated secretory phenotype (SASP) 

(Coppé et al., 2008) (Figure 1.4). 

Figure 1.4. The composition of the SASP. Image created with BioRender. 

The SASP includes different kinds of soluble and insoluble factors, such as cytokines (IL-6, 

IL-1α, IL-1β, IL-13, IL-15), chemokines (IL-8, GRO-a, MCP-1, MCP-2, MCP-4, MIP-1a, 

MIP-3a, HCC-4), other inflammatory factors (IFN-γ, GM-CSF, G-CSF) growth factors 
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(EGH, HGF, SCF, the IGFBP family, etc.), ECM proteins, such as matrix metalloproteinases 

(MMPs), coagulation factors and receptors (PAI-1, u-PA, t-PA, uPAR) (Coppé et al., 2010). 

The composition of the SASP can vary in senescent cells, depending on the cell type and the 

kind of stress stimulus. For example, it is known that oncogene (Ras) induced senescence 

leads to higher levels of cytokines such as IL-6 and IL-1β, compared to other stimuli like 

irradiation or proliferative exhaustion. Simple overexpression of cell-cycle inhibitors such as 

p16Ink4a is not able to induce SASP. Furthermore, the tissue origin of senescent cells has an 

impact on their transcriptional output, causing variations in the expression of pro-

inflammatory factors (Coppé et al., 2008; Coppé et al., 2011; Hernandez-Segura et al., 

2017). SASP production between human and mouse cells shows some divergences, which in 

part seem to be influenced by the oxygen levels. Physiological oxygen levels of 3% instead 

of 21% do effectively induce a more human-like SASP in mouse senescent cells (Coppé et 

al., 2010).  

Not all SASP factor production is regulated by NF-κB, since an IL-1 pathway upstream of 

NF-κB is known to induce SASP production (Acosta et al., 2013), while RelA deficiency 

results in the inhibition of almost all SASP factors except IL-1α (Kang et al., 2015). Mature 

IL-1α is produced by the inflammasome, in human cells after the cleavage by caspase 5, and 

in mouse cells by the cleavage of caspase 11, suggesting that the activation of the 

inflammasome may induce IL-1α-driven SASP upstream NF-κB (Wiggins et al., 2019). In 

human foreskin fibroblasts, IL-1α at the cell surface, but not secreted, proved to be pivotal 

for the secretion of two of the major pro-inflammatory factors in the SASP: IL-6 and IL-8. 

The same study reported that IL-1α depletion reduces the DNA binding activity of NF-κB, 

thus impacting the transcription of IL-6 and IL-8 (Orjalo et al., 2009). 

The secretome of senescent cells can also vary over time and phases of senescence: it has 

been observed in human fibroblasts that Notch 1 is the main regulator of paracrine senescence 

and a mediator of a SASP switch between early and late senescence, the latter being IL-1 

dependent (Hoare et al., 2016; Teo et al., 2019). In particular, the intracellular domain of 

Notch1 and its target HES1, after overexpression in early senescence, returns to basal levels 
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in the late phase. Consequently, the early secretome contains mainly TGF-β ligands, while 

IL-1-dependent SASP correlated with N1CD and HES1 transcription expression. These types 

of findings have been investigated mainly in human cells.  

It is still partially unclear how the IL-1 pathway is activated upstream of NF-κB signaling, 

and so far, it has been investigated mostly in human cells, not mouse cells. Lau and 

David support the hypothesis that the cGAS-STING pathway may be implicated. In practice, 

cytoplasmic chromatin fragments in senescent human IMR90 fibroblasts accumulate outside 

the nucleus and contribute to SASP initiation (Ivanov et al., 2013). Moreover, these 

fragments are known to be sensed by cGAS-STING (Dou et al., 2017), which activation for 

some authors is responsible for senescence initiation, and for others, despite not activating 

senescence, still influences SASP production (Yang et al., 2017; Gluck et al., 2017). Finally, 

it is also known that chromatin fragments trigger a type 1 interferon (IFN) response, damage-

associated molecular patterns, as well as the inflammasome (Acosta et al., 2013, Davalos et 

al., 2013, Li and Chen, 2018). Regarding the latter, the activation of the inflammasome 

triggers IL-1 production, which could further support Lau and David’s hypothesis. This may 

be one possible explanation for why IL-1 production occurs independently of NF-κB 

activation. 

Regarding other cytokines, IL-6 is one of the most prominent ones in the SASP. It is secreted 

after genotoxic stress-induced or oncogenic-induced senescence in a variety of mouse and 

human cell types, such as epithelial cells, fibroblasts, melanocytes, keratinocytes, and 

monocytes (Sarkar et al., 2004; Lu et al., 2006; Coppé et al., 2008; Kuilman et al., 2008). 

As mentioned before, both NF-κB signaling and IL-1 signaling can induce its transcription. 

IL-6 regulates different cellular processes, such as proliferation, differentiation, survival, and 

function of multiple cell lineages. High levels of this cytokine are correlated with chronic 

inflammation, immune pathologies, and cell/tissue aging (Gabay 2006; Ishihara and Irano, 

2002; Maggio et al., 2009). 

Tumor Necrosis Factor-alpha (TNFα) is also a common cytokine in the SASP. It is one of 

the key molecules for inflammation, first discovered to be produced by monocytes and 
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macrophages, albeit other cell types can produce it in particular circumstances, such as 

lymphocytes, natural killer cells, neutrophils, and fibroblasts (Grivennikov et al., 2005). 

TNFα by itself is a transmembrane protein termed mTNF, while ADAM17 is responsible for 

the cleavage and production of soluble TNF named sTNF, which is released in the blood 

plasma (Black et al., 1997). The two TNF forms perform different cellular functions: sTNF 

binds its receptor TNFR1, which is mostly present in immune cells, while mTNF binds 

TNFR2, expressed in all human tissues, and induces a potent cell signaling cascade (Eissner 

et al., 2004). Both signals can activate NF-κB downstream (Pimentel-Muiños and Seed, 

1999). Although TNF is a pivotal molecule in different immune responses against bacterial 

or viral pathogens (Luo et al., 1993; Herbein and Brien, 2000), its upregulation is also 

involved in many inflammatory pathologies, such as sepsis induced by LPS, auto-immune 

diseases, and neurodegenerative diseases (Jang et al., 2021; Frankola et al., 2011). The name 

Tumor Necrosis Factor was given because of the molecule’s ability to exercise anti-tumoral 

activity in a previous mouse model of sarcoma (Carswell et al., 1975). At the same time, 

there is increasing evidence of TNFα exercising a pro-tumoral and pro-metastatic role in 

different types of cancers (Mercogliano et al., 2020). TNFα signaling plays a pivotal role in 

senescence since its pathway is upregulated after DDR activation in senescent cells (Rodier 

et al., 2009). More recently, TNF proved to be a key molecule for paracrine senescence in an 

OIS (BRAFV600E) model of hematopoietic stem cell transplantation (Biavasco, Lettera, et 

al., 2021). The treatment of mice with infliximab, a monoclonal antibody against TNFα 

admittedly reduced SASP production and ameliorated inflammation, further confirming the 

key role of this cytokine in SASP after OIS induction.  

Another family of pro-inflammatory factors present in the SASP is chemokines. The most 

frequent ones are IL-8 (CXCL8), GROα, and GROβ (CXCL-1,-2) (Reinhard et al., 2020; 

Castro et al., 2003; Bode-Böger et al., 2005). Other chemokines often upregulated in 

senescence are part of the CCL family, such as MCP-1 (CCL2), and macrophage 

inflammatory proteins MIP3α and -1α (Coppé et al., 2010) 
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The interaction between senescent cells and the tissue microenvironment is also regulated by 

growth factor signaling. The insulin-like growth factor binding proteins, such as IGFBP-2,-

3-4,-5,-6,-7, are often upregulated in senescent fibroblasts, epithelial or endothelial cells 

(Coppé et al., 2008; Wang et al., 1996; Grillari et al., 2000). When IGFBPs are secreted, 

they stimulate paracrine senescence in neighboring cells (Wajapeyee et al., 2008). 

Furthermore, colony-stimulating factors, such as GM-CSF and G-CSF are overexpressed and 

secreted by senescent fibroblasts (Coppé et al., 2008). Regarding the increased secretion of 

interferon, literature shows that cytoplasmic DNA signaling activated after senescence 

stimuli is able to induce the production and secretion of IFN type I (Yang et al., 2017). 

Secondly, a recent study reports that during cellular senescence, a retro-transposable element 

such as LINE-1, is de-repressed at the transcriptional level. Consequently, the 

retrotranscribed cDNA encoding for LINE-1 triggers a type I IFN response (De Cecco et al., 

2019). 

ECM proteins and extracellular proteases form a highly enriched subset of the SASP. SASP 

proteases perform degradation of ECM and cleavage of transmembrane proteins (for 

example, TNFα) which turns them into soluble factors. These functions can mold and change 

the microenvironment around senescent cells, thus contributing to either the clearance of 

senescent cells or the persistence of chronic inflammation. Some of the ECM proteases are 

MMPs. MMP-1, -3, and -10 are often upregulated in both mouse and human fibroblasts (Liu 

and Hornsby 2003; Hornebeck and Maquart, 2003). MMPs are responsible for the cleavage 

of different chemokines of the CXCL and CCL family (Van Den Steen et al., 2003), rendering 

them soluble factors and active parts of the SASP for paracrine senescence. Another implied 

family of proteases is collagenases, responsible for the breakdown of collagen present in the 

ECM. In the recent past, many ECM proteins, such as collagens I, III, IV, fibronectin, 

tenascins, and MMPs have been reported to be strongly downregulated in resistant 

retinoblastoma human cell lines (Reinhard et al., 2020), suggesting a positive role of the 

tumor suppressor Rb in the regulation of the signaling for their transcription.  

Other proteases present in the SASP include serine proteases and proteins involved in 

coagulation, such as urokinase (uPA), tissue-type plasminogen activator (tPA), urokinase 



29 
 

receptor (uPAR) and their inhibitors, such as PAI-1 and PAI-2 (Blasi and Carmeliet, 2002). 

PAI-1 is a common SASP protein upregulated in aged donors too (Mu et al., 1995; Mu et al., 

1998; Martens et al., 2003). uPAR is a cell surface receptor induced in different models of 

senescence that has recently become a potential candidate for the development of universal 

senolytics, namely because CAR-T cells against uPAR have been able to eliminate senescent 

cells specifically in different models of senescence-associated diseases, such as 

adenocarcinoma and liver fibrosis (Amor et al., 2020). Contrary to the previously held belief 

that the only function of uPAR was regulating plasmin in coagulation, uPAR is indeed 

involved in different cellular processes related to cancer, such as cell cycle regulation, cell 

adhesion, and cell migration. Thereby, uPAR effectively controls the shift from tumor 

dormancy to the second wave of tumor proliferation that commonly triggers the development 

of metastases by cross-talking with tyrosine kinase receptors. Interestingly, there is a direct 

correlation between the mutational burden in the Ras pathway and the overexpression of 

uPAR in non-small cell lung cancer and colorectal cancer patients (Mauro et al., 2017).  

The cited molecules are not the only ones contributing to SASP: there is growing evidence 

on the importance of other molecules and cellular components, such as ATP (Pini et al., 

2021), nucleotides and their metabolism (Delfarah et al., 2019), lipids (Hamsanathan and 

Gurkar, 2022), ROS (Nelson et al., 2018), micro RNAs (miRNAs) (Panda et al., 2018), small 

extracellular vesicles (sEVs) (Borghesan et al., 2019), mitochondria (Martini and Passos, 

2022), and ribosome biogenesis (Lessard et al., 2018) in paracrine senescence. 

 

1.3.2 The biological function and role of SASP  

In literature, SASP has shown opposite roles: on one hand, it contains many factors that can 

attract the innate and adaptive immune system (Hoare et al., 2016; Toso et al., 2014; Xue et 

al., 2007), favoring the clearance of senescent cells. On the other hand, the double role that 

many SASP factors have in both inducing senescence but also inflammation correlated to 

tumors shows the detrimental side of the SASP.  
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From a biological standpoint, the actual function of senescent cells and the SASP has been 

debated for many years. As we already know, senescent cells are present during 

embryogenesis, and they also play a fundamental role in the correct human development 

before birth (Storer et al., 2013). Embryos of different species, such as mice, humans, birds, 

amphibians, and fish were observed to express a considerable amount of senescence markers 

(Da Silva-Alvarez et al., 2019). Besides, the process of senescence is also implicated in tissue 

regeneration, such as musculoskeletal, limb, heart, and liver regeneration (Antelo-Iglesias et 

al., 2021) and wound healing (Demaria et al., 2014). These functions are due to the 

interaction of senescent cells with their environment through SASP factors secretion since 

they both impair the proliferation of the damaged cells in the tissue while also inducing 

neighboring cells to regenerate by secreting SASP. 

On the other side of the spectrum, senescent cells are known to accumulate in many tissues 

over time and to be more abundant in the elderly. Aged people are also more prone to develop 

inflammation, or rather the chronic inflammation which is typically found in aged individuals 

(Lau et al., 2019). Specific clearance of p16Ink4a -expressing cells has delayed the onset of 

age-related diseases in past work (Baker et al., 2011). Moreover, senescent pre-adipocytes 

treated with JAK inhibitors for the inhibition of SASP show significantly less inflammation 

in aged mice (Biran et al., 2015). In the context of hematopoiesis, and HSPCs transplant 

specifically, patients are usually treated with chemotherapy so that donor cells can engraft. 

In a transplant mouse model, the use of either irradiation or busulfan induced premature 

senescent in HSPCs in both cases (Meng et al., 2003), impairing their colony formation 

capacity and upregulating cell-cycle inhibitors, such as p16Ink4a and p19ARF. Allogeneic 

HSPCs transplant patients also show accelerated T cell terminal differentiation and 

senescence and reduced peripheral T cell pool long-term. Given these results, the authors 

supported the hypothesis that long-term survivors of allogeneic HSPCs transplant are more 

susceptible to opportunistic infections due to senescence hampering a correct immune 

reconstitution (Dougherty et al., 2017).  

Furthermore, there is the contradicting knowledge that many factors included in the SASP 

are also tumorigenic. The sustained secretion of ECM proteases, as well as growth factors, 
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induced the proliferation of malignant cells (Ito et al., 2017; Lopes-Paciencia et al., 2019). 

The cleavage of ECM proteins is also known to promote tumor migration and metastasis 

development (Martínez-Zamudio et al., 2017), as well as angiogenic factors often parts of 

the SASP (Herranz and Gil, 2018). In another study supporting these findings, senescent cell 

clearance in a pancreatic cancer mouse model reduced the neoplastic lesions (Passos et al., 

2010). Nonetheless, in a mouse model of liver carcinoma, natural killer cells eliminated 

cancer cells thanks to the adjuvation of the SASP, a potential control mechanism against 

lesion development in the liver (Zhuang et al., 2019). This contradictory role of the SASP in 

tumor development could potentially be explained by the phenomenon of antagonistic 

pleiotropy (Acosta et al., 2008). Thus, senescence could have undergone positive selection 

in evolution because of the tumor-suppressive function it has in young cells and organisms. 

Instead, in processes such as aging, inflammatory diseases, or cancer, the harmful effects of 

SASP may outweigh its benefits.  

 

1.3.3 The interaction between senescent cells and the immune system 

The principal function of the release of SASP factors is to recruit immune cells so that they 

interact extensively with senescent cells (Burton and Stolzing, 2018). The clearance of 

senescent cells by the immune system was first observed in a hepatic tumor model (Xue et 

al., 2007). Interestingly, p53 activation, by inducing the secretion of chemokines such as 

MCP-1, or CCL2, can recall NK cells to eliminate senescent cancer cells (Iannello et al., 

2013). SASP expression and immune cell recruitment are not merely dictated by 

transcriptional changes or alteration in the secretome but also by epigenetic regulation, since 

BRD4 can activate enhancers flanking SASP genes, resulting in enhanced immune clearance 

(Tasdemir et al., 2016). Immune cells that are recruited by SASP can be macrophages, 

dendritic cells, natural killer (NK) cells, neutrophils, and T cells.  

Regarding macrophages, these innate immune cells are specialized in eliminating pathogens, 

such as bacteria, by recognizing pathogen-specific patterns, thus strongly involved during 
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infections (Akira et al., 2006). Macrophages can be divided into two different populations 

based on their phenotype: M1-like macrophages or M2-like macrophages. The M1 phenotype 

differentiates after specific stimuli, such as the secretion of IFNγ or lipopolysaccharide 

(LPS). M1-like macrophages, in turn, assist in eliminating pathogens with different 

mechanisms. These macrophages overexpress class II of major histocompatibility complex 

(Boehm et al., 1997) and produce nitric oxide (MacMicking et al., 1997). Furthermore, they 

secrete pro-inflammatory cytokines, such as IL-1β, IL-6, IL-8, TNFα, and other chemokines 

too (Mills et al., 2017). On the other hand, M2-like macrophages differentiate in response to 

IL-4 and IL-13 (Hart et al., 1989). These macrophages play a role in molding the 

microenvironment, by activating mechanisms of tissue repair and collagen production: they 

upregulate Arginase-1 to decrease nitric oxide production, as well as secreting IL-10, 

MMP12, CCL8, and CCL13 (Hesse et al., 2001). These changes could recruit basophils and 

eosinophils to ameliorate tissue damage after inflammation. The interplay between 

macrophages and senescent cells can be beneficial in some cases and deleterious in others. 

For example, after childbirth, senescent cells in the uterine stroma are efficiently cleared by 

macrophages (Egashira et al., 2017). Another work modeling chemical injury in the liver 

described the interaction between hepatic stellate cells and macrophages. During liver 

damage, hepatic stellate cells, through a p53-dependent senescent program, triggered the 

production of IL-6, ICAM, and IFNγ. The secretion of those cytokines promoted M1 

polarization of macrophages, elimination of senescent cells, fibrosis reduction, and 

ultimately inhibited tumor development. The ablation of p53, on the other hand, prompted 

aberrant proliferation in hepatic stellate cells, the secretion of IL-3, IL-4, and IL-5, and 

overexpression of Mrc1 and Msr1, pointing towards M2-polarization and consequently 

favoring tumor development (Lujambio et al., 2013).  

The interaction between senescent cells and macrophages is not entirely understood yet. It is 

widespread knowledge that macrophages also play a role in inflammation, accumulate in the 

elderly, and express some senescence-associated markers, such as SA-B-Gal, p16Ink4a, and 

others (Franceschi et al., 2003; Liu et al., 2019; Hall et al., 2016). Additionally, clearance 

of senescent macrophages displaying M2-like polarization ameliorates inflammation (Hall 
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et al., 2017). Moreover, senescent cells can alter cell surface markers that might aid or 

prevent their clearance. One of these is CD47, a signal often defined as a “don’t eat me” 

signal that macrophages recognize by the regulatory protein SIRPα. CD47 forms a clustered 

pattern in the lipid membrane of healthy cells, in order not to be a target of macrophage 

phagocytosis. In apoptotic cells or red blood cells, this specific pattern is disrupted, 

promoting phagocytosis of damaged cells (Lv et al., 2015; Khandelwal et al., 2007). 

Senescent cells show changes in the lipid rafts in the membrane, potentially altering the CD47 

pattern on the surface (Fulop et al., 2012). In addition, it has been reported that senescent 

lung fibroblast overexpresses CD47, thus favoring immune evasion (Hernández-Mercado et 

al., 2021), in a similar way to what happens in cancer cells (Takimoto et al., 2019). 

Dendritic cells also interact with senescent cells, with their antigen presenting role. In fact, 

dendritic cells can assemble antigens from pathogens and present them to B and T cells, in 

order to adjuvate immune response and clearance. With this function, they can enhance the 

elimination of senescent cells through the induction of NK and T cells (Rahman and Aloman, 

2013). On the other hand, dendritic cells may also exacerbate chronic inflammation and 

immune suppression, favoring the resilience of senescent cells (Bantsimba-Malanda et al., 

2010). Indeed, they play a role in the maturation of naïve CD4+ T cells into 

immunosuppressive regulatory T cells (Kushwah and Hu, 2011), as well as in the induction 

of T-cell senescence (Ye et al., 2012) similarly to what happens in the tumor 

microenvironment.  

Natural killer (NK) cells are another significant immune cell type for immune clearance. NK 

cells respond to internal inflammation or external pathogens by interaction with toll-like 

receptors (TLRs) (Sivori et al., 2014), often overexpressed by senescent cells (Shaw et al., 

2013). Studies on liver damage models have shown that senescent hepatic stellate cells can 

recall NK cells by secreting ECM proteins which activate NK receptors such as NKG2D and 

DNAM1 and limit fibrosis (Krizhanovsky et al., 2008). CD8+ T cells also express the receptor 

NKG2D and are therefore able to similarly perform granular exocytosis (Sagiv et al., 2013). 

CD4+ T cells, on the other hand, can be polarized with the same cytokine stimuli of 

macrophages, with the Th1-like profile producing pro-inflammatory cytokine, while the Th-
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2-like profile secretes IL-4 and TGF-β, which are responsible for the downregulation of 

NKG2D in both NK and CD8+ T cells. Thus, Th2 cells play an immunosuppressive role, 

while Th1 cells promote the immune response (Kidd, 2003). Interestingly, in a model of 

oncogene-induced tumors in the liver, hepatocytes first developed senescence, secreting 

SASP factors that attracted CD4+ T cells and macrophages but not CD8+ T cells and NK 

cells, suggesting that the former cell types play a larger role in the clearance of oncogene-

induced senescent cells (Kang et al., 2011).  

Overall, senescent cells interact intensely with immune cells to either endorse their 

elimination or, in some cases, promote immune evasion. In this regard, the nature of the 

SASP produced by senescent cells is pivotal to shaping both macrophages and CD4+ T cells 

toward an immune-promoting or immunosuppressive role.  
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1.4 BRAF V600E, oncogene-induced senescence and its enrichment in three rare 

hematological malignancies 

Circa 8% of cancers display mutations in the BRAF gene, among which 60% of melanomas, 

40% of thyroid cancers, 27% of ovarian cancers, 12% of colorectal cancers, and 3% of other 

cancer types (Davies et al., 2002). The BRAF gene is a proto-oncogene encoding for the 

serine/threonine-protein kinase B-Raf (Sithanandam et al., 1990). As previously mentioned, 

BRAF encodes for a signal transduction kinase, part of the RTK pathway, the MAPK/ERK 

pathway particularly, involved in cell division, growth, and survival (McCain 2013). The 

mechanism of action involves a growth factor binding an RTK, auto-phosphorylation of this 

receptor, and the triggering of RAS, RAF, MEK, and ERK phosphorylation cascade, in this 

order. Membrane-bound RAS-GTP recruits RAF and activates it (Leevers et al., 1994). RAF 

proteins are a family of kinases composed of ARAF, BRAF, and CRAF, and each of them 

has a similar structure, constituted by three conserved domains (CR) (Figure 1.5). CR1 is 

bound by active RAS (RAS-GTP) and a cysteine-rich domain, representing the regulatory 

domain of the protein, CR2 links CR1 with a serine-rich domain, while CR3 contains the P-

loop, the catalytic portion of the kinase and the activation loop. The P-loop notably binds the 

activation loop, constituted of an ATP-binding domain, to stabilize the phosphate group of 

ATP so that the protein can form a fork-like structure (Zaman et al. 2019). Dimerization and 

phosphorylation of RAF family members are fundamental for their activation since BRAF 

and CRAF can both form homodimers and heterodimers (Weber et al., 2001). Mutations in 

BRAF usually cluster in the gene region coding for the P-loop and the catalytic portion 

between exon 11 and 15. The most frequent one (90%) is the V600E mutation, which 

substitutes glutamic acid for valine, disrupting the interaction between the P-loop and the 

activation domain, and thus constitutively activating the kinase domain of Braf (Pratilas et 

al., 2012; Wan et al., 2004).  

In the context of the hematopoietic system, mutated BRAFV600E is found infrequently in 

liquid tumors, such as leukemia or lymphoma. However, it is enriched in three rare 
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hematological malignancies: Hairy Cell Leukemia, Langerhans Cell Histiocytosis, and 

Erdheim-Chester Disease (Abdel-Wahab and Park, 2014).  

Figure 1.5 Representation of the conserved regions in the BRAF protein. Red bars represent the 

two domains (Activation segment and P-loop) that interact with each other, which interaction is 

disrupted by the V600E mutation. Image generated with Biorender. 

 

1.4.1 Langerhans Cell Histiocytosis, Erdheim-Chester Disease, and Hairy Cell Leukemia: 

three rare BRAFV600E hematological malignancies 

Hairy Cell Leukemia (HCL) is a rare B-cell leukemia, constituting 2% of all leukemias, with 

a chronic nature. Its frequency is in 1 every 100.000 individuals and targets males 4-5 times 

more frequently than females. Nearly 100% of HCL patients display the BRAFV600E 

mutation (Tiacci et al., 2011). The term “hairy” was given because of the morphological 

features that leukemic B-cells develop, which were later proven to be BRAF and MEK 

independent as their pharmacological inhibition reverted the HCL gene expression and 

morphological profile to normal (Tiacci et al., 2015). HCL leukemic cells show a mature B-

cell phenotype, with the expression of CD19, and surface immunoglobulins, and can perform 

rearrangements of the heavy and light chain immunoglobulin genes (Forconi et al., 2001; 

Maloum et al., 1998). Nevertheless, HCL cells also show atypical markers, such as CD103, 

usually expressed in T cells (Janik 2011), and CD11c, a common marker of monocytes 

(Juliusson et al., 1994). HCL B-cells proliferate abnormally in the BM, preventing other 

hematopoietic cells from correctly differentiating and developing. As a result, HCL patients 

usually present low white blood cell count, making them more prone to infections, low 

platelet count, anemia, splenomegaly, and low lymph node involvement (Polliack 2002). A 
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seminal work in the field (Chung et al., 2014) investigated the cell of origin of HCL and 

discovered that HSCs of HCL patients displayed alteration in the generation of the 

progenitors, in particular skewing hematopoiesis towards abnormal B cell production. 

Moreover, variant allele frequency analysis in HSCs of HCL patients showed a 4.7% 

frequency of the BRAFV600E mutation. Expressing BrafV600E in mouse HSPCs resulted 

in mouse lethality, splenomegaly, and increased secretion of CD25, a common biomarker of 

HCL. Two considerations derive from this experiment: the first one is that the V600E 

mutation, for leukemia to develop, is required at a precursor stage, stem or progenitor, since 

BrafV600E expression restricted to only mature B cells did not produce a pathological 

phenotype. Secondly, only a small fraction of HSCs in HCL patients carries the V600E 

mutations, meaning that only a small portion of stem cells carrying the mutation is needed 

for leukemia development. Treatment of mice with Vemurafenib, a monoclonal antibody 

specific against BRAFV600E, resulted in amelioration of the phenotype, with erythroid and 

myeloid cells returning to normal counts and anemic symptoms emerging at later time points. 

This suggests that the elimination of mutated cells results in the reverse of the HCL 

phenotype. The gold standard for HCL is chemotherapy using purine analogs, which is 

successful in 95% of the patients. Five years after the therapy, however, half of the patients 

suffer from relapse, depending on their risk assessment. Splenomegaly, leukocytosis, hairy 

cells, and high levels of circulating beta-2 micro-globulin are associated with bad prognosis, 

as well as CD38 expression and mutations in the IGHV gene (Maitre et al., 2019). 

Interestingly, poor prognosis has been also correlated with telomere length in patients’ cells 

(Arons et al., 2011).  The second line of treatment involves either the second cycle of purine 

analogs or BRAF-specific inhibitors such as vemurafenib. Treatment with vemurafenib is 

successful with refractory patients non-responding to chemotherapy (Tiacci et al., 2021), 

although there are issues regarding the long-term adverse effect correlated to vemurafenib 

administration, such as skin integrity and the possibility of developing skin tumors (Tham et 

al., 2022).  

Langerhans Cell Histiocytosis (LCH) and Erdheim-Chester Disease (ECD) are both 

hematological malignancies belonging to a broader family of rare disorders called 
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histiocytoses. Histiocytoses are all characterized by the abnormal infiltration of macrophages 

or dendritic cells in one or multiple organs or tissues (Haroche et al., 2017). LCH is 

distinguished between childhood and adult LCH while ECD occurs in adulthood. The 

incidence of childhood LCH amounts to 5-9 per million individuals (Guyot-Goubin et al., 

2008), while adult LCH occurs in 0.07 per million individuals, although reports admit that 

this frequency is likely underestimated (Goyal et al., 2018). The frequency of ECD in the 

population is still unknown, with a prevalence of targeting patients with a median age of 55 

years and males (73% of ECD cases) (Cohen-Aubart et al., 2018). Symptoms in LCH include 

bone fracture, lymphadenopathy, hepatosplenomegaly, diabetes insipidus, and others, 

depending on how many organs are affected by macrophage infiltration. ECD complications 

happen earlier and often involve the cardiac tissue and the central nervous system (CNS), 

while the involvement of the CNS is a late effect in LCH (Emile et al., 2021). This leads to 

ECD patients progressively developing neurodegeneration, with cognitive and behavioral 

impairment (Haroche et al., 2017; Cohen-Aubart et al., 2014; Euskirchen et al., 2015). After 

the emergence of symptoms, patients are diagnosed with either LCH or ECD firstly by 

assessing macrophage or dendritic cell infiltration in tissues, using the markers CD68 and 

CD163, and then the expression of the typical Langerhans Cell markers is assessed, using 

CD1a and CD207 (Chu et al., 1987). The driving causes of histiocytoses began to be 

unraveled when the first evidence of a BRAFV600E mutation in LCH patients was reported 

(Badalian-Very et al., 2010). Afterward, multiple studies confirmed the presence of 

BRAFV600E macrophages infiltrating the tissues of LCH patients (Satoh et al., 2012; 

Haroche et al., 2012; Go et al., 2014). In 90% of histiocytic patients, mutations involve at 

least one gene belonging to the MAPK pathway, with 60% of them carrying the BRAFV600E 

mutation (Halbritter et al., 2019; Emile et al., 2014). Other mutated genes are RAS genes or 

tyrosine kinase receptor genes (Durham et al., 2019). This, coupled with the previous notion 

that LCH showed clonality in patients (Yu et al., 1994), demonstrated that histiocytoses had 

neoplastic features. As with HCL, efforts have been made to understand the cell of origin of 

histiocytosis. Past studies have highlighted that BrafV600E expression in myeloid progenitor 

cells can induce a histiocytosis-like phenotype in mice (Berres et al., 2014, Nelson et al., 

2019). One of these studies described BRAFV600E mutations in childhood LCH patients in 
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both monocytes and CD34+ bone-marrow-derived cells, implying that histiocytosis may be 

a result of skewed hematopoiesis towards the myeloid lineage, resulting in exacerbated 

macrophage infiltration in tissues (Berres et al., 2014). Moreover, ECD patients are known 

to be more susceptible to myelodysplasia, myeloproliferative neoplasms, and leukemia 

development (Papo et al., 2017; Ghobadi et al., 2019). 

Treatment of LCH usually involves chemotherapy as the first line of treatment (either 

vinblastine or cytarabine), while ECD patients are treated with IFN-alpha. As a second-line 

treatment, or for patients with risk organ involvement, vemurafenib or MEK inhibitors are 

currently employed (Emile et al., 2021). Vemurafenib was employed in the treatment of 

BRAFV600E hematopoietic malignancies after the successful results that were obtained in 

the treatment of BRAFV600E-specific melanomas, approved by the FDA in 2011 (Chapman 

et al., 2011). The V600E mutation is the most frequent BRAF variant, nevertheless, truncated 

forms of BRAF can also be found in different human cancers (i.e. thyroid carcinoma, 

melanoma, and prostate and gastric cancer), as a result of translocations or microdeletions 

(Botton et al., 2019; Palanisamy et al., 2010). Interestingly, melanoma cells in vitro have 

demonstrated resistance to vemurafenib through an aberrant splicing mechanism. This 

alteration generated a truncated form of BRAFV600E, lacking exons 4-8, the CR1 region 

bound by RAS for BRAF activation. The truncation of the protein enhances dimerization 

independently of RAS activation levels when compared to full-length BRAFV600E 

(Poulikakos et al., 2011). So far, this type of variant has not been characterized in ECD or 

LCH, although histiocytic and HCL patients are known to relapse multiple times since 

residual BRAFV600E cells have been reported to persist even after treatment with 

vemurafenib (Tiacci et al., 2015; Donadieu et al., 2019). 
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1.4.2 BRAFV600E and oncogene-induced senescence in HSPCs 

As previously mentioned, OIS emerged as a protective cellular mechanism against the 

aberrant proliferation and tumor development (Serrano et al., 1997). Afterward, 

BRAFV600E-induced senescence has been described in human naevi, benign tumors which 

frequently carry the mutation and develop with an initial cell cycle progression and growth, 

followed by an arrest. The authors characterized naevi as senescent melanocytes carrying the 

V600E mutation, positive for SA-B-Gal staining and p16Ink4a expression (Michaloglou et al., 

2005). BRAFV600E melanocytes did have an initial burst of proliferation, followed by cell 

cycle arrest, without telomere erosion, suggesting that senescence in naevi is strictly 

oncogene-dependent and not due to exhaustion in replication. A few years later, in 

experiments involving a mouse model lung tumor, authors highlighted BrafV600E-induced 

cell cycle arrest as protection against adenocarcinoma progression (Dankort et al., 2007). In 

the following years, ongoing studies concentrated on the role of BRAFV600E-induced 

senescence in solid tumors. In the context of hematopoiesis, the link between BRAFV600E 

and OIS started to be explored in 2014, when it was discovered that a small fraction of 

monocytes collected from ECD patients carried the BRAFV600E mutation, expressed 

activated MAPK/ERK proteins, and expressed the senescence marker p16Ink4a (Cangi et al., 

2015). Moreover, it was already known that both ECD and LCH patients display elevated 

secretion of the following cytokines: IL-1, IL-6, IL8, CCL2, CCL5, and TNF-α (Kannourakis 

and Abbas, 1994; Arnaud et al., 2011; Ferrero et al., 2014). This abnormal cytokine 

production already resembled the context of senescence and the development of SASP. 

Furthermore, the involvement of the CNS in ECD and LCH resembles the induction of 

senescence occurring in neurodegenerative diseases (Martinez-Cue and Rueda, 2020).  

In 2021, our group published results concerning a humanized mouse model, in which human 

HSPCs (CD34+ cells) were transduced with a lentiviral vector for the expression of human 

BRAFV600E and were transplanted into immune-deficient NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ 

(NSG) mice. All mice transplanted with BRAFV600E-expressing HSPCs succumbed due to 

BM failure. This hematopoietic phenotype showed impairment in total hematopoiesis (both 

mouse and human), impacting more aggressively on the lymphoid output, such as B cells, 
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thus generating an unbalance toward the myeloid compartment. The B cell impairment 

affected both oncogene-expressing and bystander cells, suggesting that paracrine senescence 

was occurring. Indeed, mice succumbed due to the onset of oncogene-induced-senescence, 

characterized by augmented levels of cell cycle inhibitors (p16Ink4a; p21), DDR, and secretion 

of pro-inflammatory cytokines, among which TNFα, IL-1α, IL-1β, and MCP-1 were the most 

prominent and inversely correlated with mice survival. TNFα was specifically the key 

molecule inducing paracrine senescence and myeloid skewing, as its inhibition with a 

specific monoclonal antibody, i.e. infliximab, was able to partially reduce inflammation, 

prolong survival and partially restore the hematopoietic output. Gene expression analysis on 

sorted BRAFV600E-expressing and bystander myeloid (CD33+) cells confirmed a shared 

transcriptional program between the two cell populations, and endorsed, at the same time, 

the pivotal role of TNFα signaling in the induction of inflammation. Histopathological 

evaluation of mice highlighted the presence of histiocytic lesions in multiple non-

hematopoietic organs, especially the lungs, characterized by infiltration of inflammatory 

macrophages expressing BRAFV600E and p16Ink4a. Altogether, this work was seminal in 

establishing the link between the induction of OIS in HSPCs and the onset of systemic 

inflammation characteristic of histiocytosis (Biavasco, Lettera et al., 2021).  

In the same year, another collaborative work was published, showing how BRAFV600E 

expression in ECD activates trained immunity, leading to an alteration of several metabolic 

processes typically activated in response to pathogens. These changes include increased 

cytokine production and secretion, AKT signaling, glycolysis, glutaminolysis, and 

cholesterol synthesis. (Molteni et al., 2021). In the same year, Merad’s group published 

another work, specifically linking BRAFV600E-induced senescence in human and mouse 

multipotent hematopoietic progenitor cells with Langerhans Cell Histiocytosis onset. The 

phenotype was characterized by growth arrest, resistance to apoptosis, and the SASP onset. 

Finally, specific senolysis of senescent cells ameliorated LCH symptoms in mice (Bigenwald 

et al., 2021). Regarding HCL, it is not known whether there is a possible link between 

BRAFV600E-induced senescence and its symptoms. Nevertheless, HCL cells can show anti-

apoptotic behavior that can be reverted by BRAF inhibitors, since HCL cells treated with 
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vemurafenib become more susceptible to apoptosis (Tiacci et al., 2017). Nonetheless, the 

principal cell cycle inhibitor implicated in HCL, such as p27, is silenced in 100% of the 

patients, either by genetic disruption or reduction of gene expression (Dietrich et al., 2015; 

Chilosi et al., 2000). Moreover, KLF2, a gene carrying a loss of function mutations in circa 

20% of HCL patients, encodes for a transcription factor regulating CDKN1a/p21, thus 

potentially inhibiting the expression of this cell cycle inhibitor (Taniguchi et al., 2012; Wu 

et al., 2004). KLF2, interestingly, has been reported to be a negative regulator of NFκB (Das 

et al., 2006), coherently with the fact that HCL patients show upregulation of NFκB signaling 

(Nagel et al., 2015), a key regulator of SASP, as previously mentioned. Altogether, these 

recent papers established OIS as a leading cause of the inflammation and complications 

present in LCH and ECD patients, opening the way for advanced treatments in the future. 
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2. Aim of the work  

During this project, we were interested in studying the impact of the immunological condition 

of the host on the clearance or persistence of senescent cells. The previous humanized model 

has shown us that oncogene-expressing cells induce transcriptional reprogramming, which 

involves both hBRAFV600E cells and bystander cells. However, this reprogramming was 

specific to an immune-deficient humanized model. We hypothesize that, in an immune-

competent context, gene expression could alter. Since the clearance of senescent cells greatly 

depends on the efficiency of the immunological system, we aimed to investigate the behavior 

and fate of oncogene-expressing senescent cells and their impact on hematopoiesis in the 

presence or absence of an active recipient immune system. The identification of 

transcriptional changes in persisting senescent cells in different genetic and immunological 

conditions could provide valuable molecular targets for their elimination. Thus, we expressed 

oncogene mBrafV600E or mBraf trunc in mouse hematopoietic stem and progenitor cells 

(HSPCs) transplanted into either immune-deficient or immune-competent recipients.  

Although donor cells were collected from immune-competent donor mice, we hypothesized 

that the transplantation into immune-deficient mice would render them tolerant towards 

senescent cells, thus impairing their clearance. Thus, gene expression of the immune-

deficient model would highlight the mechanisms of immune suppression toward the 

clearance of senescence. Additionally, by comparing the immune-deficient system with the 

humanized model, we could potentially identify differences and similarities between mouse 

and human senescence mechanisms.  

On the other hand, an immune-competent recipient system represents a fundamental barrier 

against tumorigenesis. Therefore, we reasoned that an efficient immune system either would 

counteract senescent cells completely or that a small fraction of oncogene-expressing cells 

might persist over time. In that case, since the accumulation of senescent cells has been 

involved in an increased risk of cancer, our purpose would be to characterize the specific 

changes that occur in senescent cells resistant to immunological clearance.  
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3. Results 

3.1 Experimental strategy 

In practical terms, the focus of our work was to model OIS in immune-deficient or immune-

competent mice. We reasoned that the use of these two models would highlight differences 

in multiple phenotypes: survival, hematopoietic output, cytokine secretion, and 

transcriptional alterations. To achieve this multi-faceted characterization, we transduced 

mouse HSPCs purified from the BM of donor C57BL/6 (C57) mice with a 3rd generation 

lentiviral vector expressing mBraf trunc, mBrafV600E, or only GFP (PGK.GFP) as a control. 

Transduced cells were transplanted into either lethally irradiated immune-competent C57 

mice or sub-lethally irradiated immune-deficient NSG mice. One-month post-transplant we 

evaluated peripheral blood (PB) composition through Fluorescence Associated Cell Sorting 

(FACS) analysis, levels of the secreted factors in the plasma and we performed RNA-

sequencing on sorted myeloid and B cells to assess gene expression perturbations. When the 

animals reached a severe disease-like state, we euthanized them and perform FACS analysis 

on the spleen and the bone marrow (BM). 

 

Figure 3.1. Experimental strategy for the project. 
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3.2 mBraf trunc expression in mouse HSPCs transplanted into NSG mice confers 

selective advantage to B cells. 

For this project, we set out to perform our experiments in a complete murine system. 

Thus, we generated a bidirectional lentiviral vector (LV), expressing a constitutively active 

form of mouse Braf (lacking the regulatory N-terminal domain) and GFP (LV.mBraftrunc). 

This oncogenic truncated form was selected because it is involved in histiocytic sarcoma 

formation in Cdkn2a-/- mice as a result of LV or transposon-mediated insertional mutagenesis  

(Cesana et al., 2014b; Collier et al., 2005; Keng et al., 2009; Montini et al., 2009; Ranzani 

et al., 2013). Moreover, truncated forms of BRAF are found in a wide variety of human 

cancers, i.e. thyroid carcinoma, melanoma, and prostate and gastric cancer, as a result of 

translocations or microdeletions (Botton et al., 2019; Palanisamy et al., 2010). We 

transduced mouse HSPCs with LV.mBraf trunc or an LV expressing mBraf WT as control, 

at a specific MOI to reach transduction levels of 30%. Cells were transplanted into sub-

lethally irradiated (200 cGy) NSG mice. Animals were monitored over time and Fluorescence 

Activated Cell Sorting (FACS) was performed on peripheral blood (PB) samples at 4, 8, and 

24 weeks, following lineage composition markers: GFP for transduction, CD45.1 for 

engraftment, CD11b for myeloid cells, B220+ for B cells and CD3 for T cells. (Figure 3.2a). 

Firstly, we decided to observe the first phases of hematopoietic reconstitution by analyzing 

the major hematopoietic compartments at days 6, 9, 15, and 24 post-transplant. These time 

points were chosen to have a direct comparison with the time-course experiments performed 

in the previous humanized model (Biavasco, Lettera et al. 2021). We analyzed PB, BM, and 

spleen by FACS to determine engraftment, transduction levels, and lineage composition. 

Curiously, mice from the mBraf trunc group showed an expansion of vector-marked B cells 

in all of the major hematopoietic organs (Figure 3.2b). We also studied the long-term 

outcomes of mBraf trunc expression on hematopoiesis. Firstly, the selective advantage of 

mBraf trunc-B cells, when compared to mBraf WT expressing B cells, was also present in 

absolute counts 4 weeks post-transplant (Figure 3.2c). Moreover, percentages of engraftment 

in the mBraf trunc group lowered over time, until reaching a significant reduction at 22 weeks 

post-transplant (Figure 3.2d). Finally, the survival curve of mBraf trunc mice, compared to 
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their controls, slightly differs at the limits of significance (p=0.0532) (Figure 3.2e). These 

data suggest that mBraf trunc expression in mouse HSPCs results in the expansion of 

oncogene-expressing B cells, as opposed to the humanized model, in which lymphoid cells 

were strongly impaired in a matter of days post-transplant. However, the expression of this 

oncogene form in mouse HSPCs might not completely neutral, as it lowered the percentages 

of engraftment over time and slightly impacts the survival of recipient mice. Thus, mBraf 

trunc might negatively impact hematopoiesis more in the long term. 

Figure 3.2. mBraf trunc expression in mouse HSPCs shows selective advantage of oncogene-

expressing B cells. (a) Experimental plan for the mBraf trunc experiments. (b) FACS analysis on BM, 

PB and spleen of NSG mice transplanted with HSPCs, transduced with a LV expressing mBraf WT 

or mBraf trunc. Mice were euthanized at 6, 9, 15 and 24 days post-transplant. BM, PB and spleen 

were collected and lineage composition was assessed. (c) Absolute counts on Myeloid, B and T cells 

(GFP+ and GFP-) of the mBraf trunc experiment. (d) Levels of engraftment of NSG mice of the mBraf 

trunc experiment over time (3, 4, 6, 10, 16, 22 weeks post-transplant). (e) Survival curve of mBraf 

trunc and mBraf WT mice. For statistical analysis, I performed One-way Anova through Prism. 

Asterisks represent significance in the p value: * < 0.05; ** < 0.01; *** < 0.001; **** < 0.0001. 
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3.3 mBrafV600E expression in mouse HSPCs transplanted into NSG mice 

impairs cellularity and results in dose-dependent lethality 

The unexpected selective advantage of oncogene-expressing B cells in mBraf trunc 

mice led us to hypothesize whether the contrasting results between our data and the previous 

humanized model were attributable to differences between mouse and human biology or due 

to differences between mutations. To answer this, we transplanted NSG mice with HSPCs 

transduced with LV expressing either GFP as control, mBraf trunc, or mBrafV600E (Figure 

3.3a). FACS analysis on PB collected one month post-transplant showed comparable 

percentages of engraftment and transduction levels, with mBrafV600E mice to be potentially 

divided into two groups above or below 30% of transduction levels (Figure 3.3b). Absolute 

count analysis on PB revealed a decrease in total cellularity in mBrafV600E mice compared 

to PGK.GFP controls, which involved both donor and recipient cells. Of note, total cellularity 

was significantly reduced also in mBraf trunc mice, although less prominently than 

mBrafV600E mice, suggesting that mBraf trunc has a milder effect (Figure 3.3c). 

Additionally, we observed a lethal phenotype: indeed, 75% of mBrafV600E mice died within 

the first 40 days after transplant, while only two mBraf trunc mice died during this timeframe. 

Mice with a percentage of mBrafV600E-expressing cells in PB higher than (>) 30% died 

before 37 days post-transplant, while mBrafV600E mice with less than (<) 30% of transduced 

cells show a slower drop in the survival curve (median survival 33 days vs 44 days, p= 0.0307 

*) suggesting that mBrafV600E expression results in dose-dependent lethality (Figure 3.3d). 

On the other hand, mBraf trunc mice also show a slight, but not significant, dose-dependent 

effect. The survival comparison between mBrafV600E > 30% mice with mBraf trunc > 30% 

mice shows a more rapid decline of the mBrafV600E group (median survival 33 days vs 136 

days, p= 0.0364 *). A similar rapid decline is also observed in the mBrafV600E < 30% group 

when compared with the mBraf trunc < 30% group (median survival 44 days vs 176 days, 

p=0.0083 **). Although mBrafV600E expression resulted in strong and rapid lethality, its 

effect is slightly less pronounced compared to hBRAFV600E mice, which died even earlier 

(median 25.5 days, p<0.001 ***) despite the use of similar doses.  
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Figure 3.3 mBrafV600E expression in mouse HSPCs shows impairment in PB cellularity and 

dose-dependent lethality. (a) Experimental plan for the mBrafV600E experiments. (b) Percentages 

of engraftment and transduction assessed through FACS analysis on mouse PB one-month post-

transplant. (c) Absolute counts of donor (CD45.2), recipient (CD45.1) and total cells assessed 

through FACS analysis on mouse PB one-month post-transplant. (d) Survival curve of the mouse 

groups. Full lines of mBrafV600E and mBraf trunc mice represent groups with % of transduction 

higher than 30%, while dotted lines represent groups with % of transduction lower than 30%. 

Survival curve analysis was performed with GraphPad Prism, through the Log-rank (Mantel-Cox) 

test. For statistical analysis on cellularity, I performed One-way Anova through Prism. Asterisks 

represent significance in the p value: * < 0.05; ** < 0.01; *** < 0.001; **** < 0.0001. 
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Hematopoietic characterization showed higher percentages of myeloid cells (36.93% vs 

10.22%, p= 0.0265 *) and lower percentages of B cells in mBrafV600E mice compared to 

PGK.GFP controls (32.28% vs 60.18%, p=0.0149 *), thus displaying myeloid skewing 

(Figure 3.4a). Moreover, percentages of mBrafV600E cells directly correlated with 

percentages of myeloid cells and inversely correlated with levels of B cells in PB, suggesting 

that the higher the levels of oncogene expression, the higher the skewing toward the myeloid 

lineage (Figure 3.4b). This correlation was not observed in mBraf trunc mice, suggesting 

that this is a mBrafV600E-specific effect. Moreover, by distinguishing between oncogene-

expressing (GFP+) and bystander (GFP-) cells, we observed a B and T cell impairment that 

is specific to only oncogene-expressing lymphoid cells, not bystander cells (Figure 3.4c). 

The impairment of only oncogene-expressing lymphoid cells differs from the one observed 

in the previously published humanized model, in which impairment affected both oncogene-

expressing and bystander B cells. Myeloid cells in mBrafV600E mice, on the other hand, 

showed a tendency of higher levels of the un-transduced counterpart, while oncogene-

expressing myeloid cells showed the same percentages as controls of mBraf trunc mice. 

To further characterize the hematopoietic output, we performed an absolute count analysis, 

which slightly differs from the percentage analysis. The total number of myeloid cells in 

mBrafV600E mice does not differ from PGK.GFP controls (1.09x105 cells vs 1.16x105, 

p=0.9593 ns), while we observe significant impairment in B cells (6.90x104 vs 8.02x105, 

p=0.0094 **) and T cells numbers (7.65x104 vs 2.45x105, p=0061 **) (Figure 3.5a). These 

results confirm that the observed myeloid skewing in the percentage analysis is not due to an 

expansion of myeloid cells but due to strong impairment of the lymphoid compartment. By 

distinguishing between oncogene-expressing (GFP+) and bystander (GFP-) cells, we also 

confirm that the impairment is specific to oncogene-expressing lymphoid cells, while 

untransduced B and T cells are not affected (Figure 3.5b). BM and spleen analysis of 

mBrafV600E mice confirmed impairment in total cellularity already observed in PB, again 

suggesting that mice succumbed to BM failure (Figure 3.5c). On the other hand, mBraf trunc 

mice showed a cellularity comparable to the controls. These results implying that the mild 

impairment of PB total cellularity, observed at one-month post-transplant, was rescued.  



50 
 

 

Figure 3.4. mBrafV600E expression results in myeloid skewing and lymphoid impairment. (a) 

Hematopoietic composition (% Myeloid, B, and T cells) of donor cells was assessed by FACS analysis 

of PB collected one-month post-transplant. For statistical analysis, Mann-Whitney test was 

performed through GraphPad Prism. (b) Correlation graphs of percentages of B cells (top) and 

percentages of myeloid cells (bottom) with transduction levels, corresponding with the levels of 

oncogene expression, in mBrafV600E (left) and mBraf trunc (right) groups. Linear regression 

analysis was performed through GraphPad Prism. (c) Percentages of myeloid (left), B cells (center), 
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and T cells (right) separated by fraction of bystander cells (GFP-, top) and oncogene-expressing cells 

(GFP+, bottom). For statistical analysis, One-way Anova was performed through GraphPad Prism. 

Asterisks represent significance in the p value: * < 0.05; ** < 0.01; *** < 0.001; **** < 0.0001. 

 

Figure 3.5. Absolute count analysis confirms specific impairment of oncogene-expressing B and 

T cells. (a) Hematopoietic composition in absolute counts (# Myeloid, B, and T cells) of donor cells 

was assessed by FACS analysis of PB collected one-month post-transplant. For statistical analysis, 

Mann-Whitney test was performed through GraphPad Prism. (b) Absolute counts of myeloid (left), B 
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cells (center), and T cells (right) separated by fraction of bystander cells (GFP-, top) and oncogene-

expressing cells (GFP+, bottom). (c) Cellularity observed in total BM and spleen at the endpoint of 

the animals. For statistical analysis, One-way Anova was performed through GraphPad Prism. 

Asterisks represent significance in the p value: * < 0.05; ** < 0.01; *** < 0.001; **** < 0.0001. 

 

3.4 mBrafV600E expression causes alteration in the secretion of pro-

inflammatory molecules in NSG mice 

Since we observed similarities with the humanized mouse models, such as impairment in 

cellularity specific to B cells, but also differences, such as the impairment of only oncogene-

expressing lymphoid cells and not bystander cells, we hypothesized that the secretory 

phenotype of our murine model also presented differences compared to the humanized. To 

verify this hypothesis, we performed a multiplex assay on pro-inflammatory cytokines in the 

plasma of peripheral blood collected one-month post-transplant. Interestingly, we found an 

increased secretion of cytokines IL-2, IL-6, and IL-12, chemokines CCL2, CCL3, CCL4, and 

CCL5, a tendency of higher levels of IFNγ and higher levels of G-CSF in the plasma of 

mBrafV600E mice (Figure 3.6a). In the plasma of mBraf trunc mice, we only observed a 

tendency of higher levels of CCL2 and IL-2, again confirming a milder effect on the 

oncogene in inflammation compared to mBrafV600E expression, which is still not 

completely neutral. The cytokine secretion profile of mBrafV600E is strongly related to 

myeloid cells, especially macrophages, as the observed chemokines are associated with their 

inflammatory activity. Interestingly, we also observe an alteration of G-CSF, a factor that is 

responsible for the mobilization of cells from the BM to the peripheral blood. G-CSF also 

inversely correlated with the survival of mice and with the overall BM cellularity (Figure 

3.6b). CCL2, already characterized in the humanized model, inversely correlates with 

survival and BM cellularity as well. Overall, this cytokine profile showed similarities and 

differences from the humanized mouse model, in which we observed similar overproduction 

of IL-6, CCL2 and CCL4 but also IL-1α and IL-1β, cytokines that were not altered in our 

immune-deficient mouse model (Figure 3.6a).  
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Figure 3.6. mBrafV600E expression alters the secretion of pro-inflammatory molecules. (a) 

Quantifications of pro-inflammatory molecules in mouse plasma collected one-month post-

transplant. (b) Correlation graphs of levels of G-CSF and MCP-1 with survival (top) and absolute 

counts of cells in the BM (bottom). Linear regression analysis was performed with GraphPad Prism. 

Red dots, violet and blue dots represents plasma levels in mBraf trunc, mBrafV600E, and PGK.GFP 

mice respectively.  
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3.5 Characterization of oncogene-expressing cells transplanted into immune-

competent mice 

Given this aggressive phenotype in NSG mice after mBrafV600E expression in HSPCs, 

characterized by dose-dependent lethality, lymphoid impairment and enhanced secretion of 

inflammatory cytokines, we sought to understand whether the presence of an efficient 

immune system of the host would dampen inflammation and prolong the survival of 

transplanted mice. To do so, we performed transplantation of mouse HSPCs transduced with 

LV.mBrafV600E, LV.mBraftrunc, or LV.PGK.GFP in recipient C57 mice. First of all, 

peripheral blood analysis 4 weeks post-transplant showed a reduction of total cellularity in 

mBrafV600E mice compared to mBraf trunc and PGK.GFP. This result resembled the one 

in NSG mice, however, to a lesser degree, since reduction compared to controls is 2.2 fold, 

compared to the 3.6 fold observed before in immune-deficient mice (Figure 3.7a). Moreover, 

hematopoietic characterization of donor cells showed impairment of the B cell compartment 

(Figure 3.7b), in particular of oncogene-expressing B cells (Figure 3.7c). Again, the B cell 

impairment in immune-competent mice is less aggravating, 1.45 fold compared to the 11.4 

fold observed in the immune-deficient model. We also turned our attention to recipient cells, 

which were impaired both in the B and in the T compartment (Figure 3.7d), suggesting that 

senescent cells in the mBrafV600E group could impair adaptive immune cells, in order to 

prevent their clearance. Luminex assay on cytokine levels in the plasma of mice showed 

elevated levels of only chemokines CCL3, CCL4 and CCL5, but not of interleukins like in 

the immune-deficient model, suggesting that the conserved upregulated chemokines are 

independent of potential immunological clearance (Figure 3.7e). Survival analysis on these 

mice showed an initial wave of lethality in mBrafV600E mice, which only affected 60% of 

them, while a portion of the mice survived (Figure 3.7f). We performed peripheral blood 

analysis also 12 weeks post-transplant to assess again the hematopoietic phenotype and found 

that the levels of oncogene-expressing cells in surviving mBrafV600E mice dropped to zero, 

suggesting that clearance of senescent cells occurred in these mice (Figure 3.7g). Moreover, 

their peripheral blood composition 12 weeks post-transplant was restored to similar levels 

compared to control mice, while at 4 weeks they showed myeloid skewing (Figure 3.7h). 
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Figure 3.7. Oncogene expression in mouse HSPCs transplanted in immune-competent recipients. 
(a) Total cellularity in mouse peripheral blood sampled 4 weeks post-transplant. (b) Overview of 

hematopoietic cell composition of the peripheral blood sampled 4 weeks post-transplant. (c) Absolute 

counts of donor myeloid (left), B (center) and T cells (right), separated in bystander (top graphs) or 

oncogene-expressing (bottom graphs). (d) Absolute counts of recipient cells in mouse peripheral 

blood 4 weeks post-transplant. (e) Levels of inflammatory proteins in the plasma of mice 4 weeks 

post-transplant, represented as fold levels compared to their controls (PGK.GFP mice). (f) Survival 
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curve of immune-competent mice. (g) Percentage of GFP+ cells in donor cells in the peripheral blood 

at 4 and 12 weeks post-transplant. (h) Hematopoietic characterization of mice at 4 and 12 weeks 

post-transplant in percentages. For statistical analysis, I performed One-way Anova on GraphPad 

Prism. Asterisks represent significance in the FDR of the DEGs: * < 0.05; ** < 0.01; *** < 0.001; 

**** < 0.0001. 

 

3.6 mBrafV600E expression in mouse HSPCs activates transcription of 

senescence, inflammatory and immune genes 

We decided to further characterize at a transcriptional level the alterations driven by 

mBrafV600E, the intriguing differences between mouse and human senescence, and the 

differences in immunological clearance in the two recipient systems. Thus, we performed 

RNA-sequencing on sorted BM-derived myeloid and B cells from the mBrafV600E, the 

mBraf trunc, and the control (PGK.GFP) group (Figure 8a and b). We sorted cells one-

month post-transplant, to understand the transcriptional signatures at a biologically relevant 

time point since mBrafV600E started showing a lethal phenotype at that time point. Firstly, 

principal component analysis on the top 5000 genes showed a distinct transcriptional 

signature of mBrafV600E samples. In NSG mice, both B and myeloid cells of the 

mBrafV600E group separated between the different populations and separately from the 

other groups. In C57 mice, only B cells of the mBrafV600E group clustered separately from 

the other populations, while myeloid cells were positioned at the same levels as control and 

mBraf trunc samples. On the other hand, mBraf trunc samples clustered similarly with the 

control samples in both systems (Figure 3.8c). Data were filtered to identify differentially 

expressed genes (DEGs), by filtering for a logFC higher than +1 or lower than -1 and with 

an FDR lower than 0.05 for significance. In NSG mice, the 4 mBrafV600E populations 

showed more DEGs compared to the truncated ones, except for mBraf trunc-expressing 

myeloid cells, which had the most deregulated genes of all samples (1772 DEGs in total) 

(Figure 3.9a and b). Curiously, in the mBrafV600E group, bystander myeloid and B cells 

showed more DEGs compared to their oncogene-expressing counterpart (1399 vs 945 for 

myeloid cells, 590 vs 199 DEGs for B cells) (Figure 3.9a).  
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Figure 3.8. Gene expression experiment set up. (a) Experimental plan of the cell sorting experiment. 

Four populations were sorted:  oncogene-expressing (mBrafV600E or mBraf trunc) myeloid cells 

(CD11b+ GFP+), bystander myeloid cells (CD11b+ GFP-), oncogene-expressing B cells (B220+ 

GFP+), and bystander B cells (B220+ GFP-). (b) Gating strategy for FACS sorting. (c) Principal 

component analysis of the RNA-sequencing of NSG recipients (left) and C57 recipients (right) using 

the top 5000 deregulated genes of the sequenced cDNA samples.  

B cells expressing mBrafV600E showed the least number of DEGs, a peculiar observation, 

considering that this population was the most impaired in vivo (Figure 3.4c and 3.5b). It is 

worth noticing that some of the DEGs with the lowest p-value in myeloid cells of both 

oncogene groups are unusual for myeloid cells since they are related to the production of the 
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heavy and light immunoglobulin chains, IgH and IgK genes, respectively (Figure 3.9a and 

3.9b). In C57 mice, we surprisingly observed that the populations with the highest DEGs are 

oncogene-expressing and bystander B cells of the mBrafV600E group (3017 and 2096 DEGs, 

respectively) while myeloid cells and all 4 populations of the mBraf trunc groups show little 

to no deregulation (Figure 3.10a and 3.10b). 

To better dissect the deregulated pathways in our population, an enrichment analysis of the 

data was performed. Upregulated and downregulated hallmarks of each population, using the 

MSigDB mouse hallmarks as a reference, are represented in Figure 3.11. In NSG mice, 

upregulated pathways in the mBrafV600E-expressing CD11b population included: TNFα 

signaling via NFκB, reactive oxygen species (ROS) pathway, hypoxia, coagulation, 

apoptosis, allograft rejection, and MTORC1 signaling. Bystander myeloid cells of the same 

group showed upregulated TNFα signaling and coagulation, while bystander B cells other 

than coagulation, curiously displayed upregulated epithelial-mesenchymal transition genes, 

other than angiogenesis and myogenesis pathways. B cells expressing mBrafV600E did not 

show any upregulated pathways (Figure 3.11a). Downregulated hallmarks in mBrafV600E-

expressing CD11b cells included: mostly IFN type I and II responses, and allograft rejection. 

Bystander myeloid showed downregulated allograft rejection, IL2-STAT5 signaling, 

inflammatory response, as well as estrogen response late pathway. Bystander B cells, other 

than the pathways already mentioned, also downregulated IL6 signaling. B cells expressing 

mBrafV600E only showed downregulated hallmarks, such as IFN-gamma, allograft 

rejection, and IL2-STAT5 signaling (Figure 3.11b). Regarding mBraf trunc samples, only 

the B220+ GFP+ population showed deregulated pathways, such as upregulated TNFα 

signaling, inflammatory response, complement, and coagulation, and downregulated 

epithelial-mesenchymal transition and coagulation pathways, suggesting again a not entirely 

neutral role of the mBraf trunc mutation in B cells. 
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Figure 3.9. Differentially expressed genes (DEGs) in NSG recipients. (a) Volcano plots 

representing upregulated (red) or downregulated (green) genes in NSG recipients transplanted with 

mBrafV600E-expressing HSPCs. (b) Volcano plots representing upregulated (red) or downregulated 

(green) genes in NSG recipients transplanted with mBraf trunc-expressing HSPCs. 
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Figure 3.10. Differentially expressed genes (DEGs) in C57 recipients. (a) Volcano plots 

representing upregulated (red) or downregulated (green) genes in C57 recipients transplanted with 

mBrafV600E-expressing HSPCs. (b) Volcano plots representing upregulated (red) or downregulated 

(green) genes in C57 recipients transplanted with mBraf trunc-expressing HSPCs. 
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In C57 recipients, we observed different hallmarks: firstly there was a clear upregulation of 

G2/M checkpoint and E2F target hallmarks in both oncogene-expressing and bystander B 

cells, and upregulation of mitotic spindle hallmark in bystander B cells. Moreover, oncogene-

expressing and bystander B cells show downregulation of IFN-γ response signaling, and 

heme metabolism. Oncogene-expressing myeloid and B cells share downregulation of TNFα 

signaling, IL6 JAK-STAT3 signaling, inflammatory response, complement, and apoptosis. 

The mBraf trunc group of C57 mice, on the other hand, showed downregulation of 

metabolism-related hallmarks in bystander B cells, such as glycolysis, oxidative 

phosphorylation, and fatty acid metabolism, as well as downregulation of E2F targets 

(Figure 3.11a and b). 

Given that mBrafV600E cell populations showed an inflammatory phenotype in their 

hallmarks, also characterized by oxidation hallmarks, we performed deeper characterization. 

Firstly, we checked the levels of expression of cell cycle inhibitors. Interestingly, in NSG 

mice, Cdkn2d was the most upregulated in mBrafV600E and bystander myeloid cells, 

suggesting that p19Ink4d is the main player in cell cycle blockade of mBrafV600E and 

bystander cells, by blocking Cdk4/Cdk6 activation. Another upregulated gene in these two 

populations was Cdk2ap2, also known as p14, which inhibits Cdk2 activation. Surprisingly, 

Cdkn1a, encoding for p21, is only overexpressed in bystander B cells, while we observe 

downregulation of Cdkn2a, encoding for p16Ink4a, in bystander myeloid and B cells and no 

change in expression in oncogene-expressing myeloid and B cells. The commonality in 

upregulation of p19Ink4d and p14 in both oncogene-expressing and bystander myeloid cells, 

along with the common upregulation of TNFα signaling in both populations, supports the 

hypothesis that a phenomenon of paracrine senescence is occurring. In mBraf trunc-

expressing myeloid cells, we observed overexpression of Cdk2ap2, while in bystander 

myeloid cells Cdkn2a is downregulated, similarly to what happened in the same population 

of the mBrafV600E group (Figure 3.11c). In C57 recipients, mBrafV600E- expressing B 

cells show upregulation of Cdkn2d, as well as Cdkn3, known as CIP2, an  
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Figure 3.11. Hallmarks of inflammation and senescence in mBrafV600E and mBraf trunc 

samples. (a) Upregulated MsgDB Hallmarks in the different populations. (b) Downregulated 

hallmarks in the different populations. Adjusted p value is represented in –log10 measurement, and 
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colored cells indicate statistical significance. (c) Expression levels of genes encoding for cell cycle 

inhibitors in the different populations. Cells that show the logFC number represent the significant 

genes (FDR <0.05, logFC > 1) in our dataset.  

inhibitor of Cdk2 kinase. Bystander B cells of the mBrafV600E group, on the other hand, 

show upregulation of Cdkn2c, such as p18Ink4c, inhibitor of Cdk4/6 kinase, and 

downregulated levels of Cdk2ap2 and Cdkn2aip. Other populations, as well as all the mBraf 

trunc populations, did not show upregulated levels of cell cycle inhibitors gene expression 

(Figure 3.11c). 

Afterward, to understand differences in the response upon oncogene activation depending on 

the immune system, we analyzed gene ontology (GO) results, focusing on the biological 

processes (BP) negatively or positively regulated in each population. Regarding 

mBrafV600E-expressing myeloid cells, we observed similar BP deregulation in NSG and 

C57 mice (Figure 3.12a and c). In particular, different processes regulating adaptive 

immune response, such as T cell proliferation, activation, differentiation, and T cell type I 

immune response were downregulated, as well as antigen presentation, such as MHC class 

II molecules, and response to IFN stimulus in both NSG and C57 mBrafV600E-expressing 

myeloid cells. Of note, we observed downregulation of ribosome biogenesis and ribosomal 

RNA processing, upregulation of processes involved in cell motility, lamellipodia, 

cytoskeleton, cell adhesion, and metabolic processes, such as NADP metabolism, glycolysis, 

metal ion transport, and lipids only in NSG mice (Figure 3.12a). Regarding bystander 

myeloid cells of the mBrafV600E group, adaptive immune response, antigen presentation, 

and IFN signaling were similarly downregulated in both NSG and C57 mice (Figure 3.12b 

and d). Again, we observed the upregulation of processes that are specific to bystander 

myeloid cells in NSG mice, such as phagocytosis, defense response, coagulation, MAPK 

activity, and different metabolic processes (Figure 3.12b). The comparison of NSG mice to 

C57 mice highlighted similarities and differences in the BP of B cells from the mBrafV600E 

groups. On one hand, both recipients showed negative deregulation of adaptive immune 

response and T cell signaling in both mBrafV600E-expressing and bystander B cells (Figure 

3.12e, f, g, h).   
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Figure 3.12. Kscore heatmaps of the enrichment analysis on gene ontology biological processes for each population.  

Moreover, bystander B cells in NSG mice showed upregulation of BP involved in the ECM 

composition, regulation of peptidase and hydrolase, MAPK cascade, as well as upregulation 

of glutathione and hydrogen peroxide metabolism (Figure 3.12f). On the other hand, both 

mBrafV600E-expressing B cells and bystander B cells in C57 mice showed positive 

regulation of meiosis (surprisingly), mitosis, cell division, chromatin and chromosome 

organization, as well as DNA repair and DNA replication maintenance of fidelity (Figure 
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3.12g and h). Bystander B cells in C57 mice also negatively regulate ribosome biogenesis 

(Figure 3.12h). 

In mBraf trunc mice, BP deregulation involved downregulation of ribosome biogenesis in 

oncogene-expressing myeloid cells in NSG mice (Figure 3.12i). Bystander myeloid cells in 

NSG mice, on the other hand, showed downregulation of antigen processing, similarly to 

their mBrafV600E counterpart, IFN signaling, reduction in cell motility, cytoskeleton 

regulation, and upregulation of lymphocyte activation, B-cell, T-cell, and natural killer cell 

mediated immunity (Figure 3.12j). Bystander myeloid cells in C57 mice similarly regulated 

cell motility and the immune response (Figure 3.12m). In mBraf trunc-expressing B cells 

we observed activation of the immune process, leukocyte migration, and reactive oxygen 

species metabolism in both NSG and C57 mice (Figure 3.12k and 3.12n). Interestingly, in 

bystander B cells in C57 telomere function, chromatin organization, splicing, and remodeling 

in transcriptional sites stood out (Figure 3.12o). 

Intrigued by these findings, mostly correlating with the immune response, we decided to 

perform further analysis. Firstly, we checked for the expression of the genes encoding for 

ribosomal proteins in each population. As anticipated by the previous GO results, 

mBrafV600E-expressing myeloid cells and mBraf trunc-expressing myeloid cells in NSG 

mice, as well as bystander B cells of the mBrafV600E group in C57 mice, showed substantial 

downregulation of ribosomal proteins. Bystander B cells of the mBraf trunc group in C57 

mice, as well, showed a tendency of downregulation of the ribosomal subunits (Figure 

3.13a). Moreover, we detected deregulation in HLA molecules expression. Of note, 

mBrafV600E-expressing myeloid cells in NSG mice displayed upregulation of the 

orthologous MHC class I molecules (MHC-A,-B,-C,-E,-F,-G), such as H2-D1 and H2-Q1. 

On the other hand, MHC class II molecules, encoded by mouse genes H2-Ab1, H2-Aa, and 

H2-Eb1, are downregulated. Also, mBrafV600E-expressing myeloid cells in C57 mice and 

mBraf trunc-expressing myeloid cells in NSG mice displayed downregulation of genes 

encoding for MHC class II molecules (Figure 3.13b).  
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Figure 3.13. Deregulation of ribosome biogenesis, HLA molecules, and immunoglobulins. (a) 

logFC of genes encoding for ribosomal proteins in each population of mBrafV600E (left) and mBraf 
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trunc mice (right). Symbols – and + indicate significantly (FDR <0.05, logFC >1 downregulated or 

upregulated genes). The list of ribosomal proteins is the one indicated by the KEGG_RIBOSOME 

dataset. (b) logFC of HLA genes in each population of mBrafV600E (top) or mBraf trunc (bottom) 

mice. (c) logFC of heavy chain (Igh genes) and light chain (Igk genes) immunoglobulin subunits.  

Finally, mBrafV600E myeloid cells in NSG mice, along with bystander myeloid cells, 

peculiarly deregulated (mostly through upregulation) the expression of genes encoding for 

the heavy chain (IgH genes) and the light chain (IgK genes) of immunoglobulins (Figure 

3.13c). The expression of mBraf trunc also deregulated part of these genes, but to a lesser 

extent, suggesting a common deregulated pathway in the two oncogenic forms. These type 

of genes were the most significant and noticeable ones in our datasets, based on logFC and 

on adjusted p value (Figure 3.9a and b). Of note, Spi1, a transcription factor which regulates 

immunoglobulin production and rearrangement, was significantly upregulated in both 

oncogene-expressing and bystander myeloid cells in mBrafV600E NSG mice. In C57 mice 

we observed deregulation of only a few of the IgH and IgK genes. 

In summary, gene expression analysis in NSG and C57 mice subjected to transplantation 

with mBraV600E-expressing HSPCs strongly downregulated pathways related to innate and 

adaptive immunity in both systems, with C57 mice showing positive regulation of DNA 

replication and chromosome organization, as well as DNA repair mechanisms. 
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4. Discussion 

Through this PhD project, we evaluated the outcomes of the forced expression of two 

oncogenic mutated forms of murine Braf (mBraf trunc and mBrafV600E) in HSPCs 

transplanted into an immune-deficient and an immune-competent recipient. The main 

objectives were: (i) understanding the effects of the two Braf mutations on hematopoietic 

reconstitution, (ii) dissecting the similarities and differences in OIS between mouse and 

human cells, (iii) investigating the role of the recipient’s immune system in the clearance of 

oncogene-expressing cells.  

As for the first aim, both oncogene forms caused dose-dependent lethality in NSG mice. 

However, the mBraf trunc form clearly showed a delayed effect on survival compared to 

mBrafV600E. Moreover, we observed impairment in peripheral blood cellularity in both 

mBraf groups one-month post-transplant, but NSG mBraf trunc mice did not show 

impairment in BM or spleen cellularity like NSG mice of the mBrafV600E group. Expression 

of mBrafV600E resulted in impairment of B and T cells, while mBraf trunc-expressing B 

cells showed a selective advantage, especially in the first days of hematopoietic 

reconstitution. The basis of these differences in survival and hematopoiesis were possibly 

due to the variances in cytokine secretion between the two mBraf groups. Cytokine secretion 

in NSG mBrafV600E mice was exacerbated, with IL-2, IL-6, IL-12, CCL-2, CCL-3, CCL-

4, CCL-5, G-CSF, while NSG mBraf trunc mice only showed a tendency of higher CCL-2 

and IL-2. Thus, we show that the different mutations in Braf results in a different 

inflammatory response and lethality.  

Moreover, these differences were further exacerbated when, instead of transplanting NSG 

mice, we transplanted immune-competent C57 mice. Indeed, only 60% of mBrafV600E mice 

died, while only 10% of mBraf trunc mice died. Furthermore, C57 mBraf trunc mice did not 

show any differences in hematopoietic reconstitution compared to controls, while C57 

mBrafV600E mice still showed impaired hematopoiesis, with decreased PB and BM 

cellularity. C57 mBrafV600E mice showed higher chemokines levels (CCL-3,-4,-5), while 

C57 mBraf trunc mice did not show any alteration in the secretion of inflammatory cytokines. 
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Indeed, these differences in the impact of mBrafV600E or mBraf trunc mice on survival and 

hematopoiesis are also reflected in gene expression analysis on myeloid and B cells collected 

from NSG and C57 mice. Indeed, all cell types of the mBrafV600E groups showed 

upregulation in inflammatory hallmarks, while mBraf trunc mice only showed deregulation 

in oncogene-expressing B cells in NSG mice, oncogene-expressing myeloid cells and 

bystander B cells in C57 mice. However, we observed also similarities in mBrafV600E and 

mBraf trunc myeloid cells in NSG mice, as both groups showed downregulation of MHC 

class II molecules, ribosome biogenesis, and upregulation of immunoglobulin genes. 

In order to explain why the mBrafV600E form is more detrimental in hematopoiesis 

compared to the mBraf trunc form, we should consider their frequency in human tumors. The 

V600E mutation, in fact, is the most frequent Braf mutation in tumors. Braf mutations in 

melanoma are in 75% of cases V600E mutations, while the rest are non-V600E. Even 

considering non-V600E mutations, the most frequent ones still have the same phenotypic 

effect as the V600E, which is the disruption of the interaction between the P-loop and the 

activation domain. This results in constitutive activation of the Braf kinase (Greaves et al., 

2013). Truncated forms of BRAF, on the other hand, lose the N-terminal portion, regulated 

by RAS phosphorylation, and can be found in thyroid carcinoma, melanoma, and prostate 

and gastric cancer, as a result of translocations or microdeletions (Botton et al., 2019; 

Palanisamy et al., 2010). Still, the truncated form only contains the catalytic portion of the 

Braf kinase. Previous literature reports that the catalytic domain of Braf alone mostly 

functions as a monomer (Lavoie et al., 2013). Most studies on the kynetics of Braf activity, 

as well as the development of drugs against this kinase, one of them being vemurafenib, have 

been performed on truncated Braf, however full length Braf, compared to truncated Braf, 

showed strong differences in kinetics and interactions with other proteins. Indeed, full-length 

Braf formed homodimers instead of monomers, and was 20-fold more active than the 

truncated counterpart. Thus, the dimerization of Braf per se rendered the protein in a more 

active state that only the catalytic domain. Moreover, the interaction of MEK1 with full 

length Braf promoted auto-phosphorylation of the activation loop. Finally, full length Braf, 

in contrast with truncated Braf, is able to form heterodimers with CRAF, which is more 
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catalytically active than Braf homodimers (Cope et al., 2018). Thus, the lack of the N-

terminal region in mBraf trunc may limit both the catalytic potential and the interaction with 

other proteins for downstream signaling.  

In summary, we have shown that both types of mBraf mutation, as well as the immunological 

status of the recipient mice, has a profound impact on mouse survival. The dissimilar 

outcomes in the two mBraf groups are a result of a different cytokine secretion profile 

triggered by the different mutations, as well as the interaction of the transplanted cells with 

the surrounding microenvironment. Moreover, we also observed drastic differences from the 

previous humanized model (Biavasco, Lettera, et al., 2021), which showed a SASP 

characterized by IL1α, IL1β, TNFα, IL8, IL6, CCL-2, and CCL4, while in our case we 

showed delayed mortality and secretion of other cytokines and chemokines. In particular, in 

our NSG mBrafV600E mouse group, IL1α, IL1β, and TNFα are not altered, while only IL-

6, CCL-2, and CCL-4 overlapped with the cytokine profile from humanized mice, on top of 

higher levels of IL-2, IL-12, G-CSF, CCL-3, and CCL-5. The C57 mBrafV600E mice group 

shared only CCL-4 with the human cytokine profile. Therefore, this data suggests that 

differences in secretory profiles between the humanized models and the murine models might 

explain the differences in survival and paracrine effect on bystander cells. In the humanized 

model, higher levels of IL1α, IL1β, and TNFα inversely correlated with the survival of treated 

mice, and inhibition of TNFα by infliximab treatment abrogated paracrine senescence in vivo 

(Biavasco, Lettera et al., 2021). This suggests that the lack of secretion of TNFα signature 

might explain the lack of paracrine senescence on bystander B cells and the delay on 

mortality.  

Regarding other senescence markers, gene expression analysis revealed overexpression of 

cell cycle inhibitors such as Cdkn2d, encoding for p19Ink4d, and Cdk2ap2, encoding for p14, 

in oncogene-expressing mouse cells. On the other hand, genes of common senescence 

markers such as Cdkn2a, encoding for p16Ink4a and p19Arf, and Cdkn1a, encoding for p21Cip, 

overexpressed in the humanized model, were not present or even downregulated in both NSG 

or C57 mice transplanted with mBrafV600E or mBraf trunc HSPCs. 
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Concerning the inconsistencies between mouse and human senescence, literature reports that 

replicative senescence of mouse cells does not resemble human cells. Human fibroblasts 

undergo proliferation only to a certain extent until the extensive shortening of telomeres 

blocks the cell cycle and induces senescence. Furthermore, human fibroblasts in culture do 

not immortalize spontaneously, since it would require the inactivation of both p53 and 

p16Ink4a, other than the telomere shortening (Wright and Shay, 2000). Mouse cells, on the 

other hand, can undergo senescence, but in a telomere-independent fashion, suggesting that 

the trigger of senescence has a different nature in mice (Prowse and Greider 1995). 

Moreover, mouse fibroblasts cultured under physiological oxygen conditions (3%) do not 

undergo replicative senescence, while under atmospheric oxygen conditions (20%) they do, 

but again with a mechanism of accumulation of DNA damage that is telomere-independent. 

The same study also showed that mouse cells are more sensitive to oxidative stress compared 

to human cells (Parrinello et al., 2003). This can be explained by the higher expression levels 

of the DNA repair genes in human cells compared to mouse cells (MacRae et al., 2015). 

Interestingly, the ROS signaling pathway and hypoxia are two of the most significant 

hallmarks in oncogene-expressing myeloid cells, which is the population driving 

inflammation in our model, based on our gene expression data. Thus, it is plausible that the 

observed senescent phenotype in our murine system might not be related to telomere 

shortening, but to the accumulation of DNA damage that is telomere-independent. To 

confirm this hypothesis, further experiments will be performed in the future.  

Oxygen levels are also known to influence the production of SASP in mouse cells, as 

physiological levels confer mouse senescent cells a human-like SASP (Coppé et al., 2010). 

In our in vivo model, however, thus in physiological oxygen levels, we show NFκB 

activation, as well as a mouse SASP, but with exclusion of IL-1 production. This shows that 

mouse SASP, in the context of oncogene-induced-senescence, did not induce IL-1 

production. Inhibition of NFκB signaling in senescent cells decreases the levels of all SASP 

factors except IL-1, meaning that the production and the secretion of that particular cytokine 

are both independent and upstream of NFκB signaling (Kang et al., 2015). Lau and David 

(Lau and David, 2019) suggested that chromatin fragments, after the onset of senescence, 
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activated the cGAS-STING pathway, thus triggering different downstream signaling, one of 

them being the inflammasome and IL-1 production. Thus, there could be differences between 

mouse and human cells in the activation of IL-1-specific SASP that are still currently 

indefinite in the field. It could be possible that, in our mouse model of OIS, we only 

upregulated NFκB signaling without triggering IL-1-specific signaling. To test this 

hypothesis, in vitro experiments regarding the activation of the inflammasome in mouse 

HSPCs after expression of mBrafV600E or mBraf trunc will be performed. 

Regarding other differences between human and mouse senescence, we observed 

upregulation of cell cycle inhibitors such as Cdkn2d (p19Ink4d) and Cdk2ap2 (p14), inhibiting 

Cdk4/6 and Cdk2 respectively. “Traditional” cell cycle inhibitors such as Cdkn1a (p21Cip) or 

Cdkn2a (p16Ink4a), were either upregulated only in bystander B cells of the NSG mBrafV600E 

and mBraf trunc groups, or downregulated, respectively. The absence of p16Ink4a upregulation 

in mouse senescent cells is not uncommon, since its activity is more human-specific (Buj et 

al., 2021). In our case, however, p19Ink4d plays a greater role in cell cycle inhibition. 

Literature reports that p19INK4D in human has a role in cell cycle regulation in HSCs, 

terminally differentiated erythrocytes, and AML cells, but not in healthy myeloid or 

lymphoid cells (Tschan et al., 1999). In mice, p19Ink4d is described to inhibit the entrance of 

HSCs into the cell cycle, by halting them in the G0 phase (Hilpert et al., 2014). Furthermore, 

pharmacological stress induction in Cdkn2d-/- cells increases cell mortality and apoptosis, 

suggesting a protective and anti-apoptotic role in hematopoietic stem cells. Of note, the same 

paper shows higher total cellularity in the BM of 8-week-old Cdkn2d-/- mice than controls, 

as well as a skewing toward the lymphoid population. This result is peculiar, considering that 

our donor and recipient experimental mice are of the same age. In our model, in which 

p19Ink4d is upregulated in myeloid cells of mBrafV600E NSG and oncogene-expressing B 

cells in C57 mice, we observe: impairment of oncogene-expressing lymphoid cells, as well 

as impairment in total BM cellularity. Future experiments performing quantitative PCR on 

in vitro samples will validate RNA-sequencing data for specific genes of interest, especially 

the variation of expression of these cell cycle inhibitor genes (for examples, Cdkn2a). To our 

knowledge, our work highlights for the first time the specific role of p19Ink4d in OIS in mouse 
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HSPCs. Also given the distinct role that p19Ink4d has in hematopoiesis, our results could 

suggest that the activation of specific cell cycle inhibitors could be dictated by the cell type, 

species, and the immunological background of the microenvironment in which senescence is 

occurring.   

Regarding the similarities and differences between an immune-deficient and an immune-

competent host, in both C57 and NSG mice biological processes involving innate and 

adaptive immune response were negatively regulated, with impairment of T and B cells 

proliferation, activation, and downregulation of MHC Class II molecules. In contrast, we 

observe that, in an immune-competent host, oncogene-expressing cells can be eliminated in 

40% of the mice, ameliorating their phenotype and their survival. Moreover, we observe the 

upregulation of hallmarks and biological processes related to G2/M checkpoint, E2F targets, 

mitosis, and DNA repair in both mBrafV600E-expressing and bystander B cells of C57 mice. 

In particular, negative regulation of T cell toxicity and T-helper 1 type immune response was 

observed in NSG mice, processes that are correlated with immune escape by tumor cells 

(Raskov et al., 2021; Basu et al., 2021). Moverover, the downregulation of MHC class II 

molecules is one of the distinctive markers of tumor-associated macrophages (TAMs), 

commonly known as immune-suppressive macrophages in the tumor microenvironment 

(Wang et al., 2011). Moreover, Tap1, a fundamental gene for antigen presentation through 

MHC class I molecules, is significantly downregulated in all populations of NSG 

mBrafV600E mice, as well as B cells in C57 mBrafV600E mice (Shown in Appendix). 

Myeloid cells in C57 mBrafV600E mice, however, do not downregulate Tap1, suggesting 

that antigen presentation processing of MHC Class I molecules in the myeloid cells of C57 

mice is preserved. MHC class I molecules presentation is fundamental for the differentiation 

of type 1 T helper cells, known for their anti-tumoral pro-inflammatory role (Kidd, 2003). 
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Figure 4.1 Summary of the results obtained in this project. Red arrows represent positive 

regulation/upregulation, green arrows represent negative regulation/downregulation/impairment. 

Figure generated with BioRender. 

The downregulation of antigen presentation is in part discordant with previous literature, in 

which the acquisition of mutations like BRAFV600E caused OIS and led to upregulation of 

MHC Class II molecules and secretion of IL1β, favoring melanoma suppression and 

clearance by the immune system (van Tuyn et al., 2017). In our case, we observe the opposite 

effect, with absence of secretion of IL1β and downregulation of MHC Class II molecules, 

together with other signs of tumor suppression. This constransting result may be explained 

by the different type of senescent stimuli that we observe. Indeed, in the case of the work by 

van Tuyn et al, OIS was the result of the activation of a protective mechanism against 

melanoma progression, favoring a more “acute” response that may favor the clearance of 

senescent cells. In our case, on the other hand, the integration of a LV expressing 

constitutively active Braf constantly clearly generates a chronic an immunesuppressive 
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microenvironment, similarly to what happens in tumors (Wang et al., 2011). Moreover, we 

observe upregulation of genes such as H2-Q1 and H2-D1 in NSG mice of the mBrafV600E 

and mBraf trunc group. These genes are the orthologs of the human HLA-E gene, which 

encodes for non-canonical MHC class molecules. A study on the interaction between 

senescent cells and the immune system showed that senescent cells can upregulated HLA-E 

molecules in order to escape clearance by NK cells and T CD8+ cells (Pereira et al., 2019). 

Interestingly, H2-Q1 and H2-D1 in immune-competent recipients are not upregulated, further 

confirming that the immunological competence of recipient mice is less immunosuppressive. 

Another interesting observation is that both oncogene-expressing and bystander myeloid 

cells of the NSG mBrafV600E group, but not C57 mice, overexpress CD47, commonly 

known as a “do not eat me” molecule (Showed in Appendix). CD47 is often overexpressed 

at the surface of tumor cells and exploited as a means of immune escape (Takimoto et al., 

2019). Moreover, a previous study observed that senescent lung fibroblasts overexpress 

CD47 and favor immune evasion (Hernández-Mercado et al., 2021). Between the 

downregulated hallmarks and the negatively regulated processes, we observe impairment in 

IFNα or IFNγ responses in mBrafV600E mice, in both immune-deficient and immune-

competent mice. Indeed, induction of type I IFN response is a novel anti-tumoral therapeutic 

approach (Cao et al., 2021). Type II IFN response, on the other hand, and its role in tumors 

is a debated subject. IFNγ is a cytokine with both pro-tumoral and anti-tumoral roles (Gocher 

et al., 2022). Mostly produced by T cells, it can also be secreted by a subset of B cells 

(CD11ahiCD16/CD32hi) against bacterial infection (Ballesteros-Tato et al., 2014), however, 

the role of this specific subset in the tumor microenvironment is not known. Both myeloid 

and B cells show downregulation of IFN signaling, meaning that deficiency in these 

pathways has a detrimental effect on the whole system. This data shows combined negative 

regulation of type I and type II IFN responses, impaired adaptive immune system, and 

impaired antigen presentation process. These findings might suggest that mBrafV600E-

expressing HSPCs have generated an immune-suppressive microenvironment that impedes 

the elimination of senescent cells by the immune system, leading to the progression of the 

disease.  
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Despite immune suppression, a percentage of immune-competent recipients could eliminate 

oncogene-expressing cells and survive, also reconstituting correct hematopoiesis. 

Furthermore, the impairment in cellularity after oncogene expression, specifically of B cells, 

is milder in C57 recipients compared to NSG mice. B cells are the lymphocyte subset most 

sensitive to DNA damage (Felgentreff et al., 2021) however, the differences in severity of 

the impairment depending on the recipient strain are fascinating. Both recipients were 

transplanted with HSPCs collected from donor immune-competent (C57 CD45.2) mice. 

Thus, the only biological differences between the two experimental conditions are the 

residual recipient HSPCs and stromal cells, constituting the recipient’s microenvironment in 

which donor cells engrafted. The microenvironment around immune cells is known to 

support their survival and function. For example, in the context of DNA damage and telomere 

erosion, a recent study showed that antigen-presenting cells exchange vesicles containing 

telomere portions and the recombination factor Rad51 with T cells, to preserve them from 

replication exhaustion (Lanna et al., 2022). Recipient cells in NSG mice, however, have 

mutations in genes that are fundamental for the correct function of immune cells (Shultz et 

al., 2007), in particular macrophage phagocytosis, antigen presentation and vesicle 

formation. Thus, we hypothesize that antigen-presenting recipient cells in NSG mice, 

impaired in their immune function, were unable to aid donor immune cells to avoid 

exhaustion. This resulted in the inability to eliminate oncogene-expressing cells when 

mBrafV600E expression generated an inflammatory and immune-suppressive 

microenvironment. 

Other differences between NSG and C57 mBrafV600E mice concern the apoptotic process. 

Indeed, mBrafV600E-expressing myeloid cells in NSG upregulated pro-apoptotic genes. In 

C57 mBrafV600E mice, we observe the opposite effect. More specifically, the Anxa1 gene 

is upregulated in all the cell populations of the NSG mBrafV600E groups (see Appendix). 

Anxa1 encodes for Annexin-1, known to be a strong regulator of inflammation in the tissues. 

Annexin-1 is cleaved for activation by neutrophil elastases, limits the recruitment of immune 

cells at the inflamed site and their pro-inflammatory functions, and positively regulates 

apoptosis and the elimination of apoptotic cells by macrophages (Sugimoto et al., 2016). 
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Moreover, Elane, coding for neutrophil elastase, is also upregulated, suggesting that 

Annexin-1, through cleavage, may play a role in the negative regulation against senescent 

cells that we observe in this model. Interestingly, we observe the opposite effect in C57 

mBrafV600E mice, in which Anxa-1 is downregulated in both oncogene-expressing and 

bystander B cells, but not in myeloid cells (see Appendix). Elane is also either not 

significantly deregulated or downregulated in bystander B cells. Finally, among the 

upregulated transcription factors in NSG mBrafV600E mice, we observed Foxo3 in both 

oncogene-expressing and bystander myeloid cells (see Appendix), along with deregulation 

of the pro-apoptotic Bcl3 and Bcl10 genes in oncogene-expressing myeloid cells (data not 

shown). Foxo3 promotes apoptosis by regulating NFκB activation, since the knock-out of 

Foxo3 leads to hyperactivity of T cells because of aberrant NFκB signaling (Su et al., 2004). 

In C57 mice, we do not observe the deregulation of Foxo3, Bcl3, and Bcl10. Altogether, 

these results might suggest that in immune-competent mice the microenvironment around 

senescent cells, despite being immune-suppressive, does not induce apoptosis and is more 

prone to the recruitment of immune cells.  

Other upregulated pathways in C57 mBrafV600E mice include G2/M checkpoint and E2F 

target hallmarks, as well as positive regulation of chromatin and chromosome organization, 

mitotic processes, and DNA repair and fidelity maintenance. In particular, B cells in C57 

mice are showing upregulation of genes involved in the DNA replication machinery and in 

cell cycle checkpoint genes, which are fundamental to avoid the accumulation of DNA 

damage that is detrimental to B cell development. These results could potentially imply that 

B cells are escaping senescence in some way, by returning to the cell cycle and possibly 

having a role in the elimination of senescent cells that we observe in vivo. Another 

consideration could be that, in both NSG and C57 mice, we have performed RNA-sequencing 

on the few surviving B cells in a context in which this compartment is strongly impaired, 

albeit to a lesser extent in C57 mice. This could mean that the mitotic phenotype in B cells is 

one of the surviving cells, which are able to escape senescence. Overall, in our immune-

competent model, it is not clear which immune cell population is responsible for the clearance 

of mBrafV600E-expressing cells. Further experiments on gene expression in T cells and in 
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vivo experiments selectively eliminating specific immune subsets (antigen presenting cells, 

NK cells, T cells, B cells) will elucidate this aspect in the future. Moreover, the contribution 

of the immunological competence of recipient mice in the clearance of oncogene-expressing 

cells could be elucidated by the use of different strains as recipient mice, for example NOD 

mice or Rag1-/- mice, which lack the capability of producing functional antigen presenting 

cells or B and T cells, respectively. Another aspect that could be addressed in the future is 

whether the dampening of inflammation in NSG recipients, for example with the use of 

senolytics and/or senomorphics, could favor the clearance of senescent cells. The reduction 

of inflammation, similarly with what happens in C57 recipients, could potentially give an 

advantage to immune cells.  

We have observed the deregulation of genes encoding for immunoglobulin heavy and light 

chains in myeloid cells. This phenotype is more accentuated in NSG mice of the 

mBrafV600E group, followed by NSG mice of the mBraf trunc group, and mostly absent in 

C57 mice, although some genes are still deregulated. Spi1, encoding for PU.1, is also 

upregulated in NSG mice of the mBrafV600E group. PU.1 is a transcription factor that 

regulates immunoglobulin gene expression and rearrangement in B cells (Eisenbeis et al., 

1993; Batista et al., 2017), even though PU.1 binding sites also comprise myeloid gene 

promoters (Turkistany and DeKoter, 2011). PU.1 is a target of NFκB signaling (Bonadies et 

al., 2010), one of the upregulated hallmarks in NSG mBrafV600E mice. PU.1 overexpression 

is associated with accelerated replication in AML cells, but also with the induction of 

senescence in primary hematopoietic cells through the DDR (Rimmelé et al., 2017; Delestré 

et al., 2017), and for this reason it is considered both a tumor promoter and a tumor 

suppressor. Regarding immunoglobulin production by myeloid cells, previous studies have 

reported that AML cells collected from patients express immunoglobulin heavy chain genes 

(Qiu et al., 2013). A following study of the same group highlighted that rearrangements of 

the variable portion of the heavy chain of immunoglobulins could be detected not only in 

cells collected from AML patients but also in 40% of monocytes samples and 15% of 

neutrophil samples collected from healthy donors (Huang et al., 2014). Interestingly, a rare 

form of histiocytosis named crystal-storing histiocytosis (CSH) is characterized by the 
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accumulation of immunoglobulins in a crystal form in the cytoplasm of histiocytes. 90% of 

CSH patients are affected by disorders in myeloid or lymphoid cells, the most recurrent ones 

being multiple myeloma or monoclonal gammopathy. (Lebeau et al., 2002; Dogan et al., 

2012: Thakral and Courville, 2014; Wiese-Hansen et al., 2021). To our knowledge, the data 

from our study are the first to highlight immunoglobulin gene deregulation in senescent 

myeloid cells. These results are peculiar, given the previous literature connecting the 

expression of BRAFV600E in HSPCs and the onset of OIS with histiocytic disorders, such 

as LCH and ECD (Biavasco, Lettera et al., 2021; Bigenwald et al., 2021; Molteni et al., 

2021). Histopathological analysis on our mice is currently ongoing. That analysis will 

eventually confirm not only the presence of histiocytic lesions in our model but also whether 

the deregulation of IgH and IgK genes results in the production and accumulation of 

immunoglobulins, similar to what happens in CSH patients.  

With this PhD project, we have achieved characterization of oncogene-induced senescence 

in two different mouse models, an immune-deficient one and an immune-competent one. 

With further analysis and comparison of the two RNA-sequencing, we plan soon to identify 

a set of biomarkers of senescence and genotoxicity. These biomarkers will be fundamental 

to enhance the sensitivity of safety studies and identify early signs of genotoxicity and/or 

leukemia development in gene therapy patients. After this step, a set of biomarkers will be 

important to also develop novel senolytic approaches for the elimination of detrimental 

senescent cells. 
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5. Matherials and Methods 

5.1 Cloning of lentiviral vectors constructs  

We utilized the Snapgene software to design our constructs. We utilized the backbone of the 

3rd generation lentiviral vector encoding for human BRAFV600E (named construct #3041 

in our lab), reported in our previous work (Biavasco, Lettera, et al., 2021). The construct 

contains the following features: 

pCCL.SIN.cPPT.SV40ployA.eGFP.minCMV.hPGK.hBRAFV600E.Wpre 

The vectors are constituted by a bidirectional construct, with the human PGK promoter 

controlling the transcription of the BRAFV600E transgene in one direction, while on the 

other a minimal CMV promoter controls the transcription of the GFP gene, as a neutral 

marker for transduced cells. Using Snapgene, we substituted the transgene portion with 3 

different inserts: the coding sequence of mouse WT Braf for the #3044 (LV.mBrafWT) 

construct, the aberrant splicing product of truncated mouse Braf (characterized in Montini 

et al., 2009; Cesana et al., 2012) for the #3043 (LV.mBraftrunc) construct, and the mouse 

mBrafV600E sequence in the #3097 (LV.mBrafV600E) construct. For the last insert, we 

consulted the Materials and Methods of Dankort et al., 2009 to perform mutagenesis on 

Snapgene and add the V600E mutation to the mBraf WT coding sequence. As a control 

vector, we used another 3rd generation lentiviral vector construct, coding only for eGFP. 

These constructs constituted our transfer vector plasmids for vector production. 

5.2 Lentiviral vector production 

We produced lentiviral vectors with the previous constructs by using the following protocol. 

We seeded 7.5 x 106 cells in a volume of 22 ml in a 15 cm dish. The medium used to culture 

cells is Iscove’s Modified Dulbecco’s Medium (IMDM), with 10% fetal bovine serum, 

Penstrep (100 U/ml), and glutamine (2 mM). Two hours before transfection, we changed the 

cell medium. Cells were left incubated at 37°C. We prepared the plasmid DNA mix with 

Neutral marker Transgene 
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ENV plasmid (VSV-G) (9 μg for 2 dishes), pMDLg/pRRE plasmid (III Gen Pack) (12.5μg 

for 2 dishes), REV plasmid 6.25 μg, pADVANTAGE (15 μg for 2 dishes), transfer vector 

plasmid (32μg for 2 dishes). The final volume of the plasmid solution was 1125 μl with 0.1X 

TE/dH2O (2:1). After incubation of the mix RT for 5 minutes, we added 125 ul of 2.5M 

CaCl2. We vortexed at full speed the plasmid DNA mix and added dropwise 1250 ul of HBS 

2X for each 1250 ul of the mix, immediately adding the precipitate to the cells. After the 

addition of the precipitate, cells were incubated again at 37°C. The day after transfection, we 

quickly observed cells at the optical microscope the small calcium precipitates of plasmid 

DNA, accumulating on the bottom of the plate in the spaces between the cells. 16 hours after 

transfection we replaced the cell medium with fresh IMDM adding 1 uM Na butyrate. 30 

hours after changing the media, we collected cell supernatant, containing our prepared 

lentiviral vectors. We did so by filtering cells with Stericup 0.22 μm and ultracentrifugation 

of the supernatant at the following conditions: 70,000 g, 2 hours, 4°C. Afterward, we 

discarded the supernatant and let the 38 ml collection tubes dry off completely. We 

resuspended the vector pellet in 70 ul of PBS for each tube. We aliquoted the vectors in 0.5 

ml Eppendorf and stored them at -80°C until usage. We prepared two small aliquots 

(unconcentrated and concentrated) of each vector for their titration.   

5.3 Lentiviral vector titration 

In 2 6-well plates for each vector construct (1 plate for un-concentrated, 1 for concentrated), 

we seeded 5x104 HEK-293T cells in each well, in 1 ml of complete IMDM medium. 24 

hours later, we performed dilutions of the concentrated vectors, by first adding 10 ul of the 

concentrated vector to 90 ul of PBS. Afterward, 20 ul of this first dilution were added in 980 

ul of IMDM (dil -3). From this second dilution, we performed 5 other serial 1:10 dilutions (-

4, -5, -6, -7, -8) using 100 ul of the previous one into 900 ul of IMDM. We discarded the 

previous medium of HEK-293T cells and added 500 ul of each of the dilutions into each well. 

Afterward, we added 500 ul IMDM supplemented with Polibrene 2X. Thus, we obtained 

vector dilutions ranging from 1x10-3 to 1x10-8. The remaining volume of vector dilutions 

will be used to quantify p24 and calculate infectivity. For the unconcentrated dilutions, we 
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firstly performed a 1:5 dilution using 200 ul of un-concentrated vector and 800 ul of IMDM 

(dil -1), and 5 following 1:10 dilutions (dil -2, -3, -4, -5, -6). Similarly to before, we added 

500 ul of each dilution to the cells and 500 ul of medium + Polibrene to each well, thus 

obtaining dilutions ranging from 1x10-1 to 1x10-6. 24 hours post-transduction, we added 1 

ml of complete IMDM to each well. After 10 days post-transduction, we assessed levels of 

transduction for each condition by Fluorescence Associated Cell Sorting (FACS), measuring 

the percentage of GFP+ cells. The percentage of marker-positive cells among the dilutions 

should decrease with a sigmoid shape. We calculated the vector titer by multiplying the GFP+ 

cells of the conditions in the linear range for its dilution factor (between 10% and 40% 

transduction) and the number of transduced cells (105). Titer will be expressed in transducing 

units per ml (TU/ml). After 2 weeks of culture, cells were collected for DNA extraction. 

Droplet digital PCR (ddPCR) probes against the LV LTR and a housekeeping gene (GAPDH) 

were used to quantify the relative amount of vector per genome in each dilution. 

5.4 Mouse models 

For in vivo experiments, we utilized 2 different strains of recipient CD45.1 mice: NOD.Cg-

Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice to generate the immune-deficient model and C57BL/6 

(C57) mice for the immune-competent model. Female 8-week-old mice were bought from 

Charles River Laboratories International, Inc., and irradiated with a sub-lethal dose (200 cGy) 

if NSG or lethal dose (800 cGy) if C57, 4 hours before transplantation. Antibiotics to prevent 

infections after irradiation was administered to the mice for two weeks post-transplant. 

5.5 Mouse HSPCs purification and transduction 

Mouse HSPCs were collected from the BM (tibia, femur, and humerus bone) of 8-week-old 

C57 CD45.2 mice, to distinguish donor (CD45.2) and recipient (CD45.1) cells in the 

following analyses. After bone collection, BM cells were flushed with a syringe with a 26G 

needle containing a solution of PBS + FBS 2% into a 50 ml falcon. Cells were passed through 

a syringe to have a single cell suspension and filtered with a 40 μm cell strainer to avoid 

aggregates. After centrifuging for 10 min at 1500 rpm, HSPCs were purified using the 
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Miltenyi Biotec Lineage Cell Depletion Kit, mouse. Cells were counted and resuspended in 

40 ul of MACS buffer per 107 cells. 10 ul of Biotin-Antibody Cocktail per 107 cells were 

added for staining, and cells were incubated for 10 min at 40°C. Afterward, 30 ul of MACS 

buffer per 107 cells and 20 ul of Anti-Biotin Microbeads per 107 cells were added, with a 15 

min incubation at 4°C. Cells were washed with MACS buffered and centrifuged for 10 min 

at 1500 rpm. Afterward, cells were resuspended with 500 ul of MACS Buffer every 108 cells 

and purified using LS columns (1 column up to 108 cells) on the magnetic MACS separator. 

Column washing was carried out 3 times, each time with 3 ml of MACS Buffer.  Elute was 

collected with 15 ml tubes. After purification, cells were counted and resuspended in serum-

free Stemspan medium, to which the following additions were made: Penstrep (100 U/ml), 

glutamine (2 mM), SCF (100 ng/ml), TPO (50 ng/ml), Flt3-Lig (100 ng/ml), and IL-3 (20 

ng/ml). The final cell concentration was 1x106 cells/ml and cells were incubated at 37°C for 

at least 3 hours before transduction.  

5.6 Cell transduction 

For cell transduction, the following calculations were made: 

Total TU = N° of cells × Molteplicity Of Infection (MOI) 

Vector ul to use = (Total TU / Vector titre) × 1000 

Vector number Vector titre  (vg/ml) MOI used 

3043 4 x 109 10 

3044 3 x 109 10 

3097 1 x 109 25 

743 7 x 109 25 

 

MOI represents the number of vector particles per cells, while Vector titre of each vector was 

previously calculated after production. The MOI of each vector was decided based on setting 

up experiments assessing the levels of transduction. Based on those experiments, we fixed 

the MOI in order to have at least 30% of GFP expressing cells. This percentage was decided 
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based on the previous humanized model, in which 30% of transduction was the standard 

transduction protocol for the induction of oncogene (hBRAFV600E) induced senescence in 

human HSPCs (Biavasco, Lettera, et al., 2021). 

5.7 HSPCs transplantation 

Mice were transplanted with donor HSPCs 24h after transduction. For conditioning, mice 

were irradiated with different doses based on the genotype. For NSG mice, we performed 

sub-lethal (200 cCy) irradiation 4 hours before transplantation. Afterward, we transplanted 

each mouse with 1.5x105 cells per mouse for the first mBraf trunc experiment 

(Results, Figure 3.2) or 2x105 cells for the mBrafV600E experiments. For C57 mice, we 

performed lethal (800 cGy) irradiation, dividing it into two equal doses separated 4 hours 

between each other. After 4 hours, we transplanted 3x105 cells per mouse. Cells were 

injected via the tail vein under BSL2 hoods, to preserve the sterile conditions of the cells and 

the mice.  

5.8 Blood plasma collection, cytokine levels measurement, FACS staining of 

peripheral blood, BM, and spleen 

We retrieved peripheral blood (PB) from experimental mice under anesthesia (isoflurane) by 

performing retro-orbital bleeding with heparin or EDTA-coated capillary tubes. To collect 

plasma, we centrifuged samples at 4000 rpm x 10 min at 4°C, collected the plasma, and stored 

it in -80°C freezers. Afterward, plasma samples were sent to Bioclarma – Research and 

Molecular Diagnostics, who performed cytokine levels measurements using the Bio-Plex Pro 

Mouse Cytokine 23-plex Assay #M60009RDPD.  

The plasma-depleted PB samples were re-suspended in FBS, with the same amount of 

volume of plasma that was depleted, to reconstitute PB density. Afterward, we performed 

staining by adding antibodies and incubating samples for 20 min RT in the dark. Samples 

were lysed using the TQ-Prep Workstation instrument by Beckman Coulter in the FRACTAL 

facility in our institute, washed two times, and re-suspended in PBS + FBS 2%. BM and 
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spleen sample cells were lysed before staining using 1 ml of ACK (Ammonium-Chloride-

Potassium) Lysing Buffer by Thermofisher. Cells were washed with PBS + FBS 2% and then 

stained for 20 min RT in the dark. After staining, cells were washed and re-suspended in PBS 

+ FBS 2%. In each sample, 20 ul of Precision Count Beads™ by Biolegend (concentration: 

1.03 x 106 beads/ml) was added for quantitative measurement of cellularity. Samples were 

then analyzed with BD FACSymphony™. After retrieving raw .fcs data, measurement of 

absolute counts was performed using the following formula provided by Biolegend: 

Absolute cell count (
cells

μl
)= 

cell count × Precision Count Beads™ volume 

Precision Count Beads™ count × cell volume
 × Precision Count Beads™ concentration (

Beads

ul
) 

BD antibodies used for staining are the following: 

Code Surface molecule Fluorophore 

560696 Anti-Mouse CD45.2 PE-Cy™7 

560580 Anti-Mouse CD45.1 PerCP Cy5.5 

562605 Anti-Mouse CD11b BV421 

561226 Anti-Mouse CD45R/B220 V500 

565643 Anti-Mouse CD3 Molecular Complex APC 

 

5.9 Time-course experiment 

For the time-course experiments, we characterized hematopoietic reconstitution at 6, 9, 15, 

and 24 days post-transplant. To do so, we transplanted 12 mice with mBraf WT-expressing 

HSPCs and 12 mice with mBraf trunc-expressing HSPCs. For each time point, we euthanized 

3 mice and collected peripheral PB, BM, and spleen. Samples were analyzed with BD 

FACSymphony™. For PB samples, we processed them as described before. At the time of 

euthanasia, which corresponded to the late stage of pathology in the animals, we collected 

BM and spleen. For BM samples, we collected cells by flushing the bones as described 

before. For spleen samples, we smashed the tissue using a scalpel and generated a single-cell 
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suspension by filtering it with a syringe and a 40 μm nylon cell strainer. Afterward, we 

prepared the samples for FACS analysis as described before. 

 

5.10 Cell sorting for RNA-sequencing experiments 

 

For the gene expression experiments, donor HSPCs purified from C57 CD45.2 mice were 

transduced with #3043 mBraf trunc, #3097 mBrafV600E, or #743 PGK.GFP plasmid. After 

24h they were transplanted into either NSG or C57 CD45.1 recipient mice after conditioning. 

One-month post-transplant, recipient mice were euthanized to collect cells from the BM for 

sorting. After collection, we lysed BM samples, and pooled together BM cells from 3 mice 

of the same group, in order to have the appropriate number of starting cells. For both 

experiments (NSG and C57), we had 3 samples for each group (mBrafV600E, mBraf trunc, 

PGK.GFP). Cells for each sample were counted in order to adjust the number of antibodies 

for staining. We stained cells using the same antibodies listed in the .7 paragraph, leaving 

samples for 20 min RT in the dark. We washed samples with PBS + FBS 2% twice and re-

suspended them in cold PBS for cell sorting. Cell sorting was performed by Flow cytometry 

Resource, Advanced Cytometry Technical Applications Laboratory (FRACTAL), a core 

facility of IRCCS Ospedale San Raffaele. The instruments used were BD FACSAria™ 

Fusion Flow Cytometer and Beckman Coulter’s Cell Sorter MoFlo Astrios. The gating 

strategy is specified in the Results section, in Figure 3.8. We sorted 4 different populations 

of donor cells: oncogene-expressing myeloid cells (CD11b+ GFP+), bystander myeloid cells 

(CD11b+ GFP-), oncogene-expressing B cells (B220+ GFP+), bystander B cells (B220+ 

GFP-). We added the appropriate amount of RLT + β-mercaptoethanol to the sorted samples 

and froze them at -80°C before RNA extraction.  

 

5.11 Preparation of the RNA-sequencing cDNA library 

 

RNA was extracted using QIAGEN RNeasy Micro Kit. RNA was quantified using Nanodrop 

and its quality was assessed with the High Sensitivity RNA ScreenTape Analysis kit, running 

the samples at the Agilent Tapestation. Retro-transcription and double-strand cDNA 
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formation was carried out according to Smart-seq2 protocols (Picelli et al., 2013; Picelli et 

al., 2014). Double strand cDNA was quantified with Qubit and its quality was evaluated 

using the D5000 DNA ScreenTape Analysis kit, running the samples at the Agilent 

Tapestation. Fragmentation and Illumina index primer ligation were carried out using the 

Illumina DNA Prep Kit and the Nextera DNA CD Indexes (96 Indexes, 96 Samples). DNA 

fragments that were correctly tagmented were quantified in each sample using the KAPA 

Library Quantification Kit, with the use of 6 standard samples for calibration, running the 

quantitative PCR on ViiA7 Real-Time PCR System. Equimolar sample quantities were 

pooled together to generate the final library for sequencing. Final samples were sequenced 

using Novaseq 6000, with a 150x150 coverage. Sequencing was performed by the Center for 

Omics Sciences at the IRCCS Ospedale San Raffaele (COSR). 

  

5.11 Gene expression analysis 

 

Gene expression analysis was performed in collaboration with Ivan Merelli from the 

Bioinformatics Core of San Raffaele Telethon Institute for Gene Therapy. The quality of the 

reads was determined by FastQC analysis, with low-quality sequences being trimmed with 

the trimmomatic tool. Afterward, reads were aligned to the mouse reference genome 

(GRCm38 - mm10) using STAR, with standard input parameters. Gene counts were 

generated using the software program Subread featureCounts, with Gencode M31 as gene 

annotation. Transcript counts were measured using the R/Bioconductor package DEseq, 

normalizing for library size using the trimmed mean of M-values, and correcting p values 

using false discovery rate (FDR). Enrichment and GSEA analysis were carried out with 

different public datasets, using the clusterProfiler package on Bioconductor. The utilized 

datasets are Mouse MSigDB Hallmark gene collections, KEGG Pathway Database, Gene 

Ontology, Reactome Pathway Database, and Molecular Signatures Database. Differentially 

expressed genes (DEGs) were classified as genes with a log(fold change) (logFC) value 

higher than 1 and an FDR  lower than 0.05. Volcano plots display the gene expression results 

by plotting the statistical significance (-log10 adjusted p-value) against the logFC. 
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7. Appendix 

 

Table 7.1. Differentially expressed genes mentioned in the discussion. Left column for each 

population represents logFC, while the right column in Italic represents FDR. FDR in blue are the 

ones between 0.05 and 0.10. 

 


